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ABSTRACT
INFANT MOTOR PLANNING AND PREDICTION:
REACHING FOR A HIDDEN MOVING OBJECT
SEPTEMBER 1996
DANIEL J. ROBIN, B.S., CORNELL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Rachel K. Clifton
The importance of continuous sight of the target in 7 . 5 month
old infants* reaching was explored in a task that addressed the
issues of infants' ability to anticipate and to retain information
about the properties of a hidden object. Barriers and darkness were
used to investigate infants' ability to compensate for the physical
and visual obstruction of a target object in a reaching task.
Infants' ability to intercept a moving object with a partially
obscured trajectory was tested.
Thirty 7.5 month old infants were presented with a graspable
object that moved in a straight-line path through their reaching
space. In some conditions the object was obscured by a barrier or by
darkness for one second just prior to moving within reach, and
infants' frequency of reaching and success at contacting the object
were used to evaluate their performance. Further analyses of the
infants' looking behavior and of the path of their reaching hand
helped to clarify the reasons underlying their successes and
failures
.
Infants showed some ability to adapt to a loss of visual
information about the moving target object's position by sometimes
successfully contacting the object in the barrier conditions.
However, infants reached less often and with less success when access
v
to, or sight of, the target object was obstructed. The infants'
visual tracking, obstacle-avoidance skills, and ability to retain
information about a hidden object were examined in conjunction with
kinematic data to explain infants' limitations in adapting to
obstacles in reaching tasks. These limitations involved difficulty
visually tracking the object past a barrier, particularly in the dark
conditions, as' well as difficulty successfully aiming a reach around
a barrier. Infants appeared to ignore the path of their hand on its
way toward the target object, resulting in the hand frequently
contacting a barrier rather than the target.
Infants successful contacts in the barrier conditions suggest
that they do not require constant visual information about target
position in order to enact a proficient reach. Further, infants
appear to predict the reappearance of the target object and remember
the path and speed of the object during its occlusion.
i
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CHAPTER I
BACKGROUND
The interdependence between the visual and motor systems allows
for infant reaching behavior to be used as a means of investigating
perceptual development. Reaching can be used to investigate the
developmental course of multimodal coordination, including the means
by which infants learn to coordinate the visual position of an object
in space with a proprioceptive map of external space. Infant
reaching behavior also provides a means of investigating the
development of more cognitive areas such as future-oriented behavior,
intentionality, and object representation. In addition, infants'
developing motor skills reveal their early ability to demonstrate
motor planning in their adaptive responding to a stimulus and their
proficiency at obstacle avoidance tasks.
A. The Use of Sight in Early Reaching
1 . Sight of the Hand
Early researchers observed that when infants first began to
reach at about 4 months of age, they would often alternate glances
between their reaching hand and the target object during the course
of their reach (Piaget, 1952; White, Castle, & Held, 1964). From
these observations they concluded that early reaches were "visually-
guided", meaning that infants relied on vision to close the gap
between the hand and the object. Later work, however, called into
question the idea that infants had a period in which they relied on
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sight of the hand in order to reach successfully. Infants' ability
to contact a sounding object in the dark showed that they could plan
and execute an accurate reach in the absence of visual information of
any kind (Perris & Clifton, ‘1988; Clifton, Rochat, Robin, & Berthier,
1994) . Infants tested longitudinally showed that onset of reaching
for a glowing object in a dark room coincided with onset of reaching
for an object in a fully lighted room (Clifton, Muir, Ashmead, &
Clarkson, 1993) . Robin, Clifton, and Berthier (in press) further
demonstrated that as early as 22 weeks of age infants could
consistently execute a successful reach for an object moving at
approximately 30 cm/s, even when the room was dark and the object
itself provided the only available visual information during the
course of the reach. This study showed that even when task demands
were relatively high infants did not rely on sight of the reaching
hand. In addition, neither kinematic data nor reaching frequency and
success rate data suggested that the infants' reaches were strongly
affected by the loss of the sight of the reaching hand.
The preceding studies all interfered with sight of the hand for
infants of various ages throughout the first year, and found that
their reaching was essentially unaffected in terms of either
proficiency or kinematics. In all, the data suggest that infants do
not go through a period in which they rely on the sight of their
reaching hand in order to complete a reach. This conclusion,
however, does not imply that sight of the reaching hand is
unimportant in the development of multimodal coordination. The
coordination between sight of an object in space and sensing hand
position through proprioception may, for example, develop prior to
the onset of reaching. The significant lags in motoric skills that
are seen in blind infants (e.g. Adelson & Fraiberg, 1974) are
consistent with the idea that infants benefit from early sight of the
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body, including the hands, in developing a map of external space.
Other studies have demonstrated that infants from 5 to 9 months of
N >»
age can quickly adapt to wearing prisms that cause a 7 cm visual
displacement, revealing that sight of the hand potentially can be
used as a means of guiding reaches in infancy (McDonnell, 1975;
McDonnell & Abraham, 1978) . In sum, infants may depend on sight of
the hand prior to the onset of reaching in developing their
coordination between visual and proprioceptive information, and when
necessary, infants are able to make use of sight of their reaching
hand to guide their hand to a target. Continuous sight of the
reaching hand, however, does not appear to be a necessity for
accurate reaching at any age.
In the majority of studies that have investigated the role of
sight of the hand in early reaching, infants have had continuous
visual information about target position to use in guiding their
reaches. In most cases, when they did not have full sight of the
target, such as when they reached for a sounding object in the dark
(Perris & Clifton, 1988; Clifton, et al., 1994), they had continuous
auditory information specifying target position prior to, and for the
duration of, the entire reach. In all, these studies demonstrated
that continuous information about target position was enough to allow
for proficient reaching, even when visual information about the
position of the hand was disrupted or removed. These studies did
not, however, address infants' ability to contact a target without
continuous information specifying target position before and during
their reach.
3
2 • Sight of the Target
In addition to the studies that observed infant reaching with
obscured sight of the hand, other infant reaching studies have
explored the role of sight of the target object by perturbing the
continuous visual information indicating target position. Ashmead,
McCarty, Lucas, and Belvedere (1993) had 5 and 9 month old infants
reach for a stationary glowing target in the dark. In half of the
trials in their study a second illuminated object was used to make
the target appear to shift laterally during the course of the reach,
by turning off the initial target while simultaneously illuminating
the second target. The 5 month old infants were unable to adjust
their ongoing reaches to contact the object successfully, while the 9
month olds were able to bring their hand part of the way to the new
target location, but not the whole way. In contrast, adults adjusted
to the change in position on virtually all of the trials. This study
demonstrated that by 9 months of age infants could adapt to a change
in target location during the course of their reach, although not as
effectively as adults. The 5 month olds failed to adjust the course
of their reaching hand once a reach had been initiated. Overall,
while on all trials there was a visible target available to guide the
hand throughout the course of the reach, this study suggests that, at
least by 9 months, infants' reaching could be affected by perturbing
target location. An unexpected disturbance of the target might be
expected to disrupt an infant's reach.
While the Ashmead et al . study (1993) looked at the effect of
changing the target object's position during the course of a reach,
in all trials there was a visible target before and throughout the
infants' reaches. McCarty (1993), in contrast, completely eliminated
sight of the object during the latter part of infants' reaches. In
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this study infants up to 7 months of age failed to contact a
stationary illuminated target object that darkened midway through
their reach significantly more' often than when the object remained
lit throughout the course of the reach. By 9 months this difference
was gone; the two conditions did not elicit different rates of
contact. The failures to contact the target by the 7 month old
infants suggest that they made use of sight of the target throughout
the course of their reaches: When sight of the target was removed,
the infants' proficiency suffered. This study demonstrated that
infants' reaching was affected by the loss of continuous sight of the
target by 7 months of age. The fact that these infants sometimes
contacted the target when sight was removed, however, shows that they
were not entirely reliant on continuous sight of the target.
The idea that interfering with continuous sight of the target
will disrupt, but not completely prevent, accurate reaching has been
suggested by other studies with both stationary and moving targets.
Clifton et al
.
(1994) showed that 6 month old infants would reach
more swiftly but less accurately when reaching to a sounding object
in the dark, whereas their reaches to a glowing object in the dark
looked similar to reaches in the light. Van der Meer, van der Weel,
and Lee (1994) had infants aged 20 to 48 weeks reach for a moving
object that was obscured by an occluder for part of its trajectory.
They found that at younger ages infants were disrupted by the
occluder because they could not anticipate the emergence of the
target and initiate a reach prior to its occlusion. By 32 weeks
infants showed some ability to compensate for the presence of the
occluder, and by 40 weeks they were able to time their reaches
accurately, so that they would begin their reach in advance of the
target's occlusion.
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The work that has examined the effect of perturbing sight of
the target in infant reaching has shown that unexpected changes in
target location can disrupt infants' reaches, particularly in the
studies in which continuous sight of the target varied unpredictably
from trial to trial (Ashmead et al
. , 1993; McCarty, 1993). These
studies, however, have not directly focused on infants' reliance on
continuous sight of the target.
B. Future-Oriented Action in Infancy
1 . "Predictive" Reaching
Several studies have shown that by 22 weeks of age infants can
"predict" the course of a moving object and reach into the object's
path in order to intercept the object successfully (von Hofsten &
Lindhagen, 1979; von Hofsten, 1980; von Hofsten, 1983; Robin, et al
. ,
in press). These studies demonstrate that infants not only visually
track the moving object accurately, but coordinate their visual input
with a motor response in order to reach "predictively", by aiming
ahead of, rather than directly at, the target. In addition, reaches
to a moving target, in contrast to reaches to a stationary target,
are more likely to be made with the contralateral hand than with the
ipsilateral hand. Rather than reaching with the hand that is closest
to the target at the time of reach onset, the ipsilateral hand, the
infants tend to reach with the hand that will be closest to the
target at the time of contact, the contralateral hand. The greater
success rate of reaches with the contralateral hand in a moving
object task suggests that infants are sensitive to the demands of the
task and switch reaching hands in an adaptive manner in order to
maximize success. It is unclear if the tendency to reach with the
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contralateral hand for a moving object is related to infants'
anticipation of target position at the point of contact, or to a
simpler mechanism involving their sensitivity to the strategy that
yields the higher success rate. In all, studies of infants reaching
to a moving target provide an example of young infants showing some
level of prediction through their reaching behavior.
An infant demonstrating "predictive" motor behavior implies
that they have some level of knowledge about the future interaction
of their hand with an object, as opposed to the simplest level of
prospective control. For example, all human movement from birth,
including infants' earliest uncontrolled arm movements, is
characterized by prospective control, in that infants counteract the
momentum that is induced by the arm's flailings so that near the
beginning of most movements muscles are already acting to slow the
arm's swing (von Hofsten, 1993). In this sense, even the earliest
motor behavior has a prospective component. In addition, when
infants first begin to reach, their hands open prior to contact with
an object. When involving more complex interaction with an object,
however, infants' motor behavior shows little sign of having an
anticipatory quality for several months. For example, up until
approximately five (von Hofsten & Fazel-Zandy, 1984) to seven
(Lockman, Ashmead, & Bushnell, 1984) months of age infants fail to
demonstrate anticipatory hand orientation prior to contact. Within a
couple of months after the onset of reaching, however, infants'
ability to demonstrate predictive reaching in the sense of preparing
the hand for a future interaction with a particular stimulus, begins
to develop. By about 22 weeks of age infants begin to position their
hand based on the orientation of a seen target object (von Hofsten &
Fazel-Zandy, 1984). As in the moving object studies, this behavior
demonstrates that young infants can coordinate their reaches with
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visual information about the relevant features of a target object in
order to reach efficiently. In the current work, "predictive
reaching" implies that infants are able to make adjustments at the
beginning of a reach in expectation of the required hand position at
the end of the reach, based on the features and motion of the target
object.
In all, predictive reaching in infancy implies the ability to
anticipate the future position and orientation of a target object
sight of the object, and the ability to coordinate visual
with the future position and orientation of the reaching
hand. In most studies involving either a moving target or
anticipatory hand shaping infants have been able to see the target
for the duration of their reaches, and have adapted their reaches to
the demands of the task during the course of the movement, adjusting
either their hand's orientation or its trajectory while the movement
was ongoing. When sight of a stationary target was disrupted during
reaching (McCarty, 1993) infants' ability to contact the object was
also disrupted, although they did demonstrate some anticipatory hand
orientation while the target object was obscured by darkness.
Overall, these studies suggest that continuous sight of the object
was useful to the infants in their reaching by providing the
necessary information to adjust the direction and orientation of the
hand prior to contact with the object. There was some evidence,
however, that infants could orient the hand correctly even when the
target was not continuously visible.
In general, "predictive" reaching requires coordination between
the visual and motor systems, as well as a type of anticipation in
the sense of adjusting the reach to interact efficiently with a
future position and orientation of a target object. These actions,
however, do not require an explicit mental representation of the
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future position of the object, nor do they imply a specific
prediction of a future event. These studies did not have infants
attempt to reach in the absencfe of continuous visual information
about the target. Removing sight of the target directly before or
during a reach is more likely to place greater cognitive demands on
the infants, as an unseen object is more likely to demand higher-
level prediction of future location and the retaining of knowledge
about the object during its absence from sight.
2 . Anticipation in Infancy
The ability to show "anticipation" of the future position of a
moving object can imply several different cognitive levels of
functioning. Researchers have previously investigated the ability of
young infants to "anticipate", or demonstrate future-oriented action
and knowledge, at several different levels in areas other than
reaching behavior. The majority of these studies have concentrated
on infants' looking behavior, and have focused on higher-level
prediction than that which is required to show anticipatory hand
orientation or the interception of a moving object. A very basic
ability to visually "predict" the future position of a moving object
has been demonstrated in infants as young as 2 months of age by the
onset of smooth visual pursuit. Smooth pursuit requires the eye to
saccade ahead of a moving target, as opposed to the repeated saccadic
pursuits seen in younger infants' visual tracking (Aslin, 1981) .
Infants as young as 3 months of age have shown smooth visual tracking
of target objects that move in a sinusoidal trajectory (Wentworth &
Haith, 1987), indicating that by this age infants' smooth visual
tracking ability is not limited to a straight line, nor based on
simple eye movement inertia. Nonetheless, smoothly tracking a simple
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course of a moving object would seem to be a fairly low-level
behavior, and does not suggest the ability to anticipate a specific
future event, does not call for retaining knowledge about a visually
absent object, and does not require any acting on, or reacting to,
the target object.
Studies with infants from 2 to 6 months of age have shown that
infants across these ages can visually follow a moving object to the
other side of an occluder if the occluder itself is not distracting,
and if the target moves relatively quickly (Goldberg, 1976; Muller &
Aslin, 1978; Gratch, 1982). Infants' tracking of an object to the
other side of an occluder has been interpreted as a relatively high-
level behavior. These infants appeared to know that the object
continued to exist behind the occluder, predict the future location
and appearance of the object on the other side of the occluder, and
to predict the timing of the object's reappearance by looking to the
other side of the occluder at approximately the same moment that the
object emerged. While appearing to track the object, however, the
infants may not have been predicting the object's reemergence on the
other side of the occluder, or even been aware of the object's
continued existence behind the occluder. Rather, they may have been
tracking the moving object in a reflexive manner, and when their gaze
reached the occluder they simply may have continued to follow along
the path of the object at the same speed due to simple head and eye
movement inertia. Because the object did not change its course or
speed behind the occluder, the infants would have appeared to have
taken into account the object's course and speed by looking at the
correct position at the other side of the occluder at the correct
time. Under this interpretation, the infants may have been
demonstrating little more than smooth pursuit, while appearing to
retain knowledge of the existence, speed, and path of an object
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behind an occluder. In fact, infants of the same age, while
appearing to track moving objects behind an occluder, have been
observed continuing to track along the path of moving objects that
had stopped in plain sight (Bower, Broughton, & Moore, 1970; Bower &
Paterson, 1973)
. These studies led the researchers involved to claim
that 4 month old infants did not even know that a stationary object
was the same object as the one that had just been moving before it
stopped. Muller and Aslin (1978), in contrast, found that infants
could track an object to the other side of an occluder and would not
track along the path of a moving object that stopped in plain sight.
They claimed that prior failures to track to the other side of an
occluder were caused by the use of a distracting occluder and a slow-
moving object. It may be, however, that Muller and Aslin' s (1978)
fast-moving object did not allow enough time for the infants to stop
moving their eyes to the other side of the occluder even though they
may have failed to retain any knowledge about the object while it was
occluded
.
In an attempt to provide evidence for predictive eye movements
and eliminate the problem of inertia-based explanations of infants'
tracking an object moving in a continuous pattern, researchers have
investigated infants' looking at discrete target appearances. The
absence of any visual target in between discrete appearances would be
more likely to demand that the infants predict a future target
location as opposed to using current, ongoing sight of the target to
guide their eye movements. These studies showed that infants had the
ability to visually anticipate the illumination of the next light in
a horizontal row of lights being turned on consecutively by looking
to the next light in the sequence prior to its illumination. These
infants would also look back to the first light after the sequence
ended and was about to be repeated (Haith, Kessen, & Collins, 1969;
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Nelson, 1968). other studies have shown that infants anticipate the
appearance of stimuli according to a fixed pattern such as left-right
alternation by looking to the -location of the next light in the
pattern before the light is 'turned on (e.g. Haith, Hazan, & Goodman,
1984; Canfield & Haith, 1991). These results have suggested higher-
level processes, particularly when the infants appeared to learn a
specific sequence, such as 3 appearances on the left alternating with
2 appearances on the right (Canfield & Haith, 1991) . The relative
simplicity of the patterns of stimuli in these studies, however,
leave open the possibility that the infants ' looking behavior could
be accomplished with a fairly low level of cognitive processing. In
the case of the consecutively lit row of lights, the infants may have
been tracking the lights along this path in the same perseverative
manner as in the studies with continuous moving objects. In
addition, infants may follow a very simple left-right "default"
search pattern in the left-right alternating stimuli studies without
demonstrating prediction in the form of having any sort of specific
expectation. Overall, while these studies provide evidence for some
level of early anticipation, it is difficult to use eye movements to
infer higher-level prediction. While infants may look for the next
appearance of a stimulus in a sequence, it is not clear that they are
predicting a specific event (the lighting of the bulb) rather than
moving their eyes according to a low-level search pattern based on
inertia. That is, they may be simply continuing to move their gaze
along the path that it is already moving, or moving their eyes back
and forth in a simple search pattern.
12
—Object Representation and Event Perception in Infancy
1 * "Object Representation" and Infants' Looking Time
Infants ability to anticipate the future position or
orientation of a moving object implies some level of knowledge about
the possible physical and spatial transformations of objects in
general, as well as expectations about the likelihood of these
transformations. Infants gradually develop the ability to expect
certain actions and motions to have specific effects on the
appearance and location of objects. The development of this ability
to mentally manipulate objects has been widely studied in the realm
°f infants' actions toward, and reactions to, objects that are hidden
by an occluder. By looking at infants' behavior toward, or
"expectations" concerning hidden objects, researchers have sought to
reveal the course of the development of the understanding of the
rules and laws that govern the behavior of objects. By hiding the
objects, or placing them out of the sight of the infants, researchers
have sought to access higher-level cognitive abilities such as
specific memory for properties of the hidden object and specific
expectations regarding the motion of the object.
The study of infants' knowledge about objects in the world
around them and the development of their ability to mentally
manipulate those objects in their absence originated with the work of
Piaget (1952; 1954). Piaget had detailed hypotheses and observations
concerning the gradual development of object "representation", or the
adult-like ability to mentally manipulate unseen objects based on
memory of those objects. In general, Piaget believed that up to 3
months of age infants lacked any concept of the continued existence
of hidden objects; once an object was out of sight it was also out of
13
existence
.
Piaget observed that from 3 to 6 months of age infants
might extend an arm to retrieve a hidden object, but would not
actively or efficiently search for the object. At these ages Piaget
thought that infants believed that the existence of objects was
related to their own actions, so that they would repeat an act, such
as a reach, to make an object "reappear". They would fail to search
for a hidden object because they still did not know that objects
existed on their own, independently from their own actions. From 8
to 10 months of age and older (up to about 18 months) infants
developed the concept of the separate existence of objects outside of
the actions of the infant. According to Piaget, only by 8 to 10
months of age would an infant actively attempt to retrieve a hidden
object, because only by this age would they know that a hidden object
continued to exist.
The work of Piaget generated a broad range of literature around
the subject of infants' ability to mentally "represent" hidden or
unseen objects: to know of their continued existence, to try to act
on them, and to have "expectations" regarding their appearance,
orientation, and behavior with respect to other objects. In general,
many of these studies have attempted to demonstrate relatively
sophisticated knowledge of hidden objects at younger ages than Piaget
had proposed. These studies have generally used infants' looking
times to investigate their ability to assume the continued existence
of a hidden object, as well as the extent of their ability to infer
physical and spatial transformations that occurred while the object
was out of sight. In these studies, relatively long durations of
looking time were assumed to indicate surprise, thereby revealing
which of a variety of transformations of hidden objects "surprised"
infants. For example, in Spelke, Breinlinger, Macomber, & Jacobson
(1992) 4 month old infants were habituated to the repeated
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presentation of an object dropping down behind a screen and audibly
landing on a surface. When the screen was removed the infants either
saw that the object had landed- on a platform (a "possible" or
expected event)
,
or saw that the object had apparently passed through
the platform and ended up underneath the platform (an "impossible" or
unexpected event)
. The infants then dishabituated to (looked longer
at) the impossible" event presumably because they were able to infer
that the object had passed through the platform and were surprised by
the behavior of the ball and the platform because they also
understood the property of the solidity of objects. This one study
provides a typical example within this body of literature in which
infant looking time was used to indicate "surprise", and the reasons
underlying the infants' surprise were inferred by the experimenters.
The studies that used infant looking times to indicate surprise
generally concluded that infants had fairly detailed knowledge of
hidden objects at young ages, so that objects could be mentally
moved, rotated, or otherwise transformed by the infants as young as 3
months of age (e.g. Spelke, 1988; Spelke, 1990). Infants could make
assumptions about properties of partly and completely occluded
objects based on principles of spatial and temporal continuity.
Infants were able to "reason" about the tangibility (Baillargeon,
Spelke, & Wasserman, 1985), spatial continuity (Kellman & Spelke,
1983), and solidity (Streri & Spelke, 1988) of hidden objects.
Further studies have shown that infants as young as 3 months of age
were "surprised" when a moving object appeared to pass through
another object, and were "surprised" by 6 months of age when an
object appeared to move against gravity (reviewed in Spelke, et al.,
1992) . Four month old infants have demonstrated the expectation that
the rotation of an object should result in a particular orientation,
even if they could only see part of the rotation before the object
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moved behind an occluder (Hespos & Rochat, 1996) . In all of these
studies infants demonstrated their knowledge of the properties and
behavior of the occluded objeat by showing increased looking times to
unexpected" transformations. They apparently were able to infer the
transformation that took place behind the occluder and then show
surprise based on their relatively sophisticated interpretation of
the plausibility of the event.
Although there is a large body of work investigating the
development of object representation in infancy, there is also
controversy concerning the interpretation of many of these studies
that have sought to demonstrate infants' relatively advanced
knowledge of the behavior of hidden objects. Bogartz, Shinskey, &
Speaker (in press) suggested that because many of these studies rely
on looking time as an expression of surprise, they did not show that
infants were truly "representing" (meaning retaining information
about)
,
various properties of the hidden object. By setting up a
"surprising" situation, many of these studies (e.g. Baillargeon &
Graber, 1987) may have allowed their "impossible" tasks to have some
degree of visual novelty, so that the infants actually may have been
looking longer at a slightly novel situation. Rather than truly
being surprised by a perceived discrepancy between their expectations
and their perceptions about the appearance or behavior of a hidden
object, the infants simply may have been dishabituating to visual
novelty. As a result, many of these studies may have overestimated
infants' knowledge of, and ability to mentally manipulate, unseen
objects. In support of this notion are studies that have suggested
that infants do not know that a stable object continues to exist
behind an occluder, and emphasized the possible confounding role of
visual novelty in obtaining results that appear to indicate
"surprise". Goldberg (1976), for example, found that infants did not
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look longer when a novel moving object disappeared behind an occluder
and a familiar object reappeared on the other side, compared to their
looking times when the same object reemerged. She concluded that
infants' looking behavior was related to the overall perceptual
novelty of the stimuli that emerged from behind the occluder rather
than to a violated expectation regarding the constant physical
properties of the occluded objects. Other studies have similarly
failed to demonstrate infants' surprise at a change in the appearance
of an occluded object (Muller & Aslin, 1978; Gratch, 1982; Moore,
Borton, & Darby, 1978)
. At times infants have appeared to
demonstrate detailed mental representations of hidden objects so that
they have specific expectations about the behavior of these hidden
objects, while at other times they have failed to show that they know
a hidden object retains any of the same physical properties, or even
exists
.
The apparent inconsistency in demonstrations of infants'
ability to retain information about an occluded object is also
demonstrated by the fact that researchers have reported 6 month old
infants showing "surprise" based on unexpected physical changes that
occurred behind an occluder, while also reporting that infants of the
same age and older will drop their reaching hand when an object moves
behind an occluder for less than a second (Spelke & von Hofsten,
personal communication) . On the one hand the infant appears to have
a clear concept of the existence and actions of the object behind the
occluder, while on the other hand they appear unable to predict the
object's reappearance on the other side of the occluder. If the
infants do, in fact, have a clear mental representation of the moving
object behind the occluder, it is unclear why they would drop their
hand when the object moved out of sight. The interruption of their
reach could result from the method used to demonstrate object
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representation (reaching behavior versus looking times), but there
are other explanations involving the effect that the occluder itself
might have on the infant. Several studies have reported the
disruptive effect of a visual barrier on infants' ability to track a
moving object. The unclear role of the occluder has been a problem
in the interpretation of the results of previous visual tracking
studies (e.g. Bower, et al., 1970; Bower & Paterson, 1973; Muller &
Aslin, 1978) in that the presence of the occluder may have distracted
the infants and interfered with their tracking of the object behind
the occluder. Muller and Aslin (1978) specifically demonstrated that
making an occluder less distracting resulted in more frequent
successful visual tracking of a moving object to the other side of
the occluder. Other studies that have demonstrated infants' memory
for the existence of a stationary object behind a barrier (e.g.
Baillargeon, 1987; Spelke, 1990) suggest that the presence of
occluders is not so inherently distracting as to interfere with the
memory of a hidden object, although an object that moves from in
sight to behind an occluder might draw attention to, and thereby
increase the saliency of, the occluder. In addition to its role as a
distracter, infants might have their reaches disrupted because they
see the occluder as a difficult obstacle, and immediately "give up"
trying to obtain the object when it is occluded. Of course, another
explanation for infants dropping their hands when an object moves
behind an occluder is that they actually do fail to retain any
knowledge of the continued existence of the obscured object once it
moves behind the occluder.
The extent of infants' ability to retain information about
specific properties of an occluded object remains uncertain, largely
due to the difficulty in inferring high-level cognitive processes
based on differences in looking times. Infants' failures, as well as
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memory for
the apparent inconsistency in their ability to demonstrate
an occluded object may be due to certain methodological problems,
such as the confounding of visual novelty with event "possibility",
or the disruptive role of ah occluder in an infant reaching task.
Alternatively, infants' apparently inconsistent performance may be
based on underlying cognitive processes, such as the task-dependent
nature of demonstrating "object representation". These issues in
assessing infants' knowledge of unseen objects can be clarified by
observing more overt measures of infants' performance than
dishabituation and looking times, and making fewer inferences about
the cognitive processes that underlie infants behavior.
2 . Object Representation and Action in Infancy
In addition to the body of work that has used infants' looking
times to demonstrate their expectations about various properties of
hidden objects, more recent work has shown that infants will act on,
and have expectations about, an unseen object. Rather than relying
on looking times to infer underlying knowledge and expectations, this
work has focused on the infants' overt reaching behavior. McCall and
Clifton (1996) demonstrated that 8 month old infants would reach in
total darkness and remove a plastic cover in order to obtain a toy.
These infants localized the toy by its sound, which stopped as soon
as the cover was opened. Subsequently the infants made one or more
reaches to obtain the toy without perceptual support for its
existence or location. Their actions indicated that they were aware
of the existence of the unseen object and engaging in a purposeful
search behavior. Goubet and Clifton (1996) further showed that 6.5
month old infants would consistently search in the dark for an object
for as long as 12 seconds, during which the infants received no
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visual or auditory information about object position. Again, this
extended search behavior indicates that the infants could retain the
memory of the object's existence without any visual or auditory
reminders. These recent stildies are consistent with earlier work
(Clifton, Rochat, Litovsky, & Perris, 1991) in which infants reached
for objects in total darkness based on sounds that had been paired
with specific objects earlier in the session. The infants
demonstrated memory for the size of the objects by reaching with two
hands when hearing the sound made by the larger object, and reaching
with one hand when hearing the sound made by the smaller object. All
of these reaching studies provide additional evidence for knowledge
in infancy of the continued existence of unseen objects at a
functional level, suggesting that infants are able to act based on a
memory of an unseen object.
The results of the studies using reaching and searching in the
dark to investigate object representation do not imply that infants
have a fully developed memory for the trajectories of unseen moving
objects. Hood (1995), for example, demonstrated that even at much
older ages, from 2 to 4 years, children had difficulty following a
ball that rolled down a tube into a container. These children would
often search for the ball in a container that was directly underneath
the original starting position even when the tube clearly curved off
to the side. The younger children would even search in the wrong
location at times when the curved tube was transparent and the ball
could be seen rolling through the tube. Apparently, even by 2 to 4
years of age the spatial continuity of objects traveling in unusual
trajectories is not fully understood. In all, infants' reaching and
searching for objects in total darkness suggest that they retain some
memory for the existence of the unseen object, but does not suggest
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that they have detailed expectations about, nor make complicated
inferences about, the properties and behavior of the object.
The large body of work and the replicability of findings that
show infants' ability to retain some level of information about
hidden objects suggest that infants are capable of some memory of the
continued existence of hidden objects, but the strength and nature of
their memory remains unclear. Researchers are currently trying to
reconcile infants' apparently sophisticated representational
akilities with their failures at tasks such as retrieving a hidden
object. One explanation is that the demonstration of "object
representation" is very task-dependent, so that, for example, infants
might be surprised when an occluded object has changed appearance and
look longer at the changed object, but still fail to initiate a reach
for an occluded object. Munakata, McClelland, Johnson, & Siegler
(1994) have proposed a graded-knowledge explanation for why infants
fail to retrieve hidden objects long after they appear to be
surprised by changes in the appearance of hidden objects. In their
view, the ability to remember the properties of an absent object
develops at several levels, and these levels are embedded within
specific behaviors. In this way infants could be surprised by an
unexpected physical change in the properties of an object, yet lack
the requisite knowledge that would enable them to act on an occluded
object. The recent work within the realm of infant reaching (McCall
& Clifton, 1996; Goubet & Clifton, 1996) suggests that by 6 to 8
months infants have at least achieved a level of representational
knowledge that allows them to act on an unseen object, though these
studies do not claim to demonstrate higher-level knowledge about an
unseen object involving its specific properties and behavior when
interacting with another object.
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Overall, the specific nature of infants' ability to retain
information about an absent object remains unclear. Reaching tasks
in which the target is not continuously visible provide a means of
investigating object representational abilities in infants. An
unseen or hidden target object presses infants to use higher level
cognitive processes than the "prediction" involved in intercepting a
moving target or orienting the hand prior to contact. By removing
target information in a reaching task it becomes useful, though not
necessary, for infants to retain information about the target object
in its absence and coordinate their reach with this remembered
information. Van der Meer, et al
.
(1994) demonstrated that 11 month
old infants could intercept a moving target when occluders obscured
the last part of the approach of the target. In their task, the
object moved at relatively slow speeds (6.5, 8, 11.5, and 13 cm/s)
compared to other studies of infants reaching for moving objects.
Their target object was 5 cm across while their occluder was 7.5 cm
across, resulting in the occlusion of the total target for 2.5 cm
along its trajectory. This study showed that a small disruption in
sight of the target would not interfere with reaching behavior, and
that 11 month old infants were capable of visually anticipating the
reemergence of a moving object from behind an occluder and
coordinating an appropriately aimed reach. Their success may have
been related to the fact that successful reaches tended to be
initiated prior to the occlusion of the object, so that the infants
may have, in effect, ignored the presence of the occluders. However,
because infants tested longitudinally in the same task showed that
they failed to reach in anticipation of the object's reemergence
until 32 to 40 weeks of age, older infants may have been showing
compensation for the presence of the barriers by learning to time
their reaches appropriately.
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CHAPTER II
GOALS bF THE CURRENT STUDY
A. Issues to Address
The current study investigates the importance of continuous
sight of the target object in infant reaching as well as further
testing infants' ability to reach with obscured sight of their
reaching hand. Infants' ability to contact a moving target object
successfully without continuous visual information about target
position is examined relative to their performance with continuous
sight of the target available. It was uncertain if infants at the
ages tested, 30 weeks, would rely on continuous visual information
about target location in order to aim and time an accurate reach. As
opposed to relying on continuous sight of the target, the infants
might either have been able to easily compensate for the loss of
continuous sight of the target, or not have used continuous sight of
the target even under fully lighted conditions. This study
determines if limited sight of the target is enough for infants to
perform a successful reach, and if not, looks at the extent to which
infants' performance is disrupted in terms of success rates, reaching
frequency, and the kinematics of the reaches. In addition to
infants' use of continuous sight of the target, this study confirms
whether infants' reaches in the dark to a glowing target are similar
in frequency, success rate, and kinematics, to reaches in the light
wherein sight of the hand and background cues are available.
While infants have shown that they can intercept a moving
target along a curvilinear path (von Hofsten, 1980; 1983; von Hofsten
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& Lindhagen, 1978; Robin et al., in press), the current study
addresses "predictive reaching" by presenting the infants with a
^
>ar^ cu ^' ar^y difficult task. .First, the straight-line path in this
study may be somewhat more difficult for the infants than a
curvilinear path because the object approaches the reaching space at
a sharper visual angle, moving toward reaching space from further off
l
to the side than in a curvilinear path. More importantly, however,
the current study increases task demands in some conditions by
obscuring sight of the target for one second prior to contact, and
preventing access to the target for one second prior to contact.
These constraints address the nature of "predictive" reaching by
demanding that the infants aim their reaches toward the future
location of the moving object from the onset of their reach, as
opposed to adjusting their hand during the reach to intercept the
object. This behavior could imply some level of knowledge of the
object's future position based on early sight of the object's speed
and path.
By having infants attempt to intercept a moving target and
interfering with sight of the target prior to its arrival within
reach, the issues of higher-level anticipation and "object
representation" in infancy can also be addressed. Preventing sight
of the target for a large portion of the target's path prior to its
accessibility suggests that infants would best be able to reach
effectively by retaining some memory of the target' s speed and path
during its occlusion. While the task in this study does not demand
that infants make use of memory for the occluded object's speed and
path, it makes it to their benefit to aim and time their reach based
on this memory. One of the purposes of this study is to look at some
of the evidence as to whether or not the infants retained or made use
of information about the hidden object. The role of the barrier as
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a distracter and as an obstacle is also investigated with regard to
effect on infants' reaching, and the reasons for its effect on
infants' performance are discussed. Infants' performance when a
barrier interferes with their sight and access to the target, versus
when darkness interferes with their sight of the target, addresses
both the physical and cognitive constraints that a barrier places on
a reaching infant.
B. Design and Rationale
1 . Design of the Study
In the current study a moving object traveled parallel to the
floor in a straight-line path within reach of the infant in all
conditions. The object moved toward the infant from out of reach off
to the left or the right, through the infant's reaching space, and
back out of reach. There were seven different conditions in which
the object passed in front of the infants, and the order of all
conditions was randomized.
In the two "no barrier" conditions, the object passed back and
forth in front of the infants in the light, and while glowing in the
dark, with no barriers or occluders of any kind. These conditions
provided a comparison to infants' performance in the other light and
dark trials in which barriers were used and view of the target was
obstructed. Also, these two conditions provided a comparison to
other studies with moving objects (e.g. Robin et al., in press; von
Hofsten, 1980; 1983) because they were most similar to the trials run
in these other studies. These conditions also could be compared to
each other to look at the effect of removing sight of the hand and
background information when reaching for a moving object.
25
The two "barrier" conditions consisted of the same moving
object as in the no-barrier trials, and were also run in the light
and in the dark with a glowing object. Instead of unobstructed sight
of and access to the target,' however, the target object moved behind
barriers for a significant portion of its path just prior to, and
after, it was accessible at the infants' midline (see Figure 1, p.
27, for a diagram of the apparatus and the timing of events)
. These
trials allowed for a comparison of infants' performance when sight
and access to the target were obstructed to their performance with
continuous sight and access to the target in the no-barrier trials.
Also, these trials could be compared to one another to reveal if the
presence of a barrier in the light proved to be either more or less
difficult for the infants than an unseen barrier in the dark.
Another type of trial, the dark-blink trial, had a similar
visual appearance as the dark-barrier trial, but rather than actually
moving behind a barrier the illuminated target object was
extinguished just prior to and after it was at the infants' midline
at the same locations that it would be occluded by a barrier in the
barrier conditions. This condition could be compared with infants'
performance in the dark no-barrier trials to observe the effect of
limiting sight of the target for a portion of its trajectory. Also,
this condition could be compared with the dark-barrier condition to
compare the effect of the presence of a physical barrier on the
infants reaching as opposed to the effect of just removing sight of
the target.
The last two conditions, the "drop" trials, consisted of the
experimenter holding the object above a barrier and out of reach,
then dropping the object down behind a barrier before it moved toward
midline where it would be accessible to the infant. The idea was to
reproduce the timing of the barrier trials but to avoid giving the
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infants information about the object's speed or path prior to its
emergence at midline. These trials served as a comparison with the
barrier trials to see if the infants were making use of the
information provided by sight of the moving target while it was off
to the side of the apparatus prior to its occlusion by a barrier. If
infants were able to catch the object on both barrier trials and
drop trials, this would suggest that they based their reach on
timing the object behind the barrier rather than using the pre-
barrier trajectory information.
Because infants would not stay involved in the task long enough
to run all seven types of trials during one session, each infant
received a particular subset of trials. Each infant received four
different types of trials. All thirty infants received the light no-
barrier and dark no-barrier trials. The other trial types were
divided into three groups: one third of the infants received light
and dark-barrier trials, one third received light-barrier and dark-
blink trials, and one third received light and dark "drop" trials.
Table 1 (p. 29) shows the different types of trials that each group
of infants received. The group of trials that each infant would
receive was random and counterbalanced.
2. Rationale and Predictions
One of the goals of the current study is to further explore the
extent to which infants can adjust to limited sight of the target
object. By interrupting continuous sight of the target as it
approaches the infants' reaching space, this study will look at the
extent to which infants' rely on sight of the target during the
course of a reach. Because the target is out of sight in the barrier
and blink conditions for a second (see Figure 1, p. 27), and the
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average duration of a 7 month old infants' reach to a moving target
is generally less than a second (Robin et al
. ,
in press), the
N »
barriers are sufficiently large enough to disrupt the infants'
reaching. That is, the infants could not fail to notice the barriers
completely and launch a reach prior to occlusion, contacting the
target after it emerges at midline. Instead, they will have to make
some adjustment to the timing of their reaches when the barriers are
present. Also, the object will only be accessible at midline for
about a second, so it will be very difficult for the infants to see
the object at midline and then reach fast enough to contact the
object before it becomes inaccessible behind the second barrier.
They will most likely have to initiate or continue an ongoing reach
while the target object is not in sight. Within subjects (repeated-
measures) ANOVAs will be used to look for overall condition effects
for the frequency of reaching and success irate data, with follow-up
t-tests comparing the no-barrier trials to the barrier and "blink"
trials, to reveal the extent of infants' difficulty in adjusting to a
loss of visual information. Further repeated-measures ANOVAs based
on the kinematic data provided by the Optotrak system will reveal if
any kinematic adaptations are made to compensate for the loss of
visual information.
It is uncertain if infants can contact the object when sight of
the target is obstructed because this type of task has not been
undertaken previously with barriers of this size. There is some
evidence that the infants will fail at this task, dropping their
reaching hands as soon as the target object moves behind an occluder
(von Hofsten & Spelke, personal communication) . On the other hand, 7
month old infants previously have shown all the requisite abilities
necessary to accomplish this task, namely the ability to visually
track an object behind an occluder and the ability to intercept a
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moving target. Seven month old infants have also reached for
sounding objects in total darkness, though with less frequency and
s *»
different kinematics than reaches in the light (Clifton et al.,
1994). Also, infants from approximately 8 to 11 months of age have
shown the ability to contact a moving object after it has been
briefly occluded during the last part of its approach (van der Meer,
et al.
, 1994)
.
In addition to looking at infants' performance without
continuous sight of the target, this study will further confirm if
infants' reaching is similar with, and without, sight of the reaching
hand. Infants have previously demonstrated the ability to perform a
relatively difficult reach for a moving target without sight of their
reaching hand (Robin et al
. ,
in press), and they will have to do so
in the current study as well. In the current study the infants also
have two additional potential task difficulties: the straight path
of the object as opposed to the curvilinear path that has been used
previously, and the occlusion of the object in the barrier, "blink",
and "drop" conditions. Within subject ANOVAs will test for an
overall effect of light and dark in infants' reaching frequency,
success rate, and kinematics. These ANOVAs are designed to look at
the overall effects of reaching for a glowing object in the dark
versus reaching in a fully lighted room. In effect, reaching in the
dark conditions removes sight of the reaching hand, as well as
background information, and, in this study, sight of the barrier.
In agreement with past studies of infants reaching for both
stationary and moving targets (e.g. Clifton et al., 1994; Robin et
al., in press), it is expected that reaching will be similar in the
light and in the dark for the glowing object. There is no evidence
that the dark conditions, in which sight of the hand as well as sight
of the background are removed, will lead to major differences in
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reaching frequency, proficiency, or kinematics. It is also expected
that there will be slightly more reaching, and a slightly higher rate
N •»
of contact with the target in. the light than in the dark. Based on
Robin et al., (in press), it is expected that reaches in the light
be somewhat faster on the average than reaches in the dark.
Another aim of the current study is to look at infants' ability
to demonstrate "predictive" reaching. While infants have
demonstrated that they can orient their hands in anticipation of
contact with an object (e.g. Lockman, Ashmead, & Bushnell, 1984), and
aim their hands appropriately ahead of a moving object (e.g. von
Hofsten 1980; 1983; Robin et al
. ,
in press), this study will present
new challenges. First, the barrier and "blink" trials in the current
study will limit trajectory information by removing sight of the
object for a significant part of its approach. Success in these
conditions will suggest that visual information about the target
obtained more than a second prior to contact was used to aim and time
the reach. In addition, these conditions are more likely to evoke
reaches that are aimed to the future location of the target rather
than adjusted during the course of the reach. The "drop" trials in
the current study will even more severely limit trajectory
information; by removing sight of the moving object off to the side
of the apparatus the infants will receive no information about the
speed or path of the object during a "drop" trial prior to the
object's reappearance from behind the barrier. The frequency and
success rates obtained in the barrier trials versus the no-barrier
trials will reveal the extent of infants' ability to aim their
reaches accurately ahead of the target object without continuous
visual information specifying the target's trajectory. T-tests
comparing infants' reaching frequency and success rate in the barrier
trials versus the "drop" trials will reveal if infants make use of
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the sight of the object before it moves behind a barrier.
Presumably, if infants only need to learn the timing of the object's
appearance at midline, and do not make use of the sight of the
target's speed and path, they will do equally well in the barrier and
the "drop" conditions.
Although the straight-line trajectory of the target may be
somewhat more difficult for the infants than the curvilinear
trajectory of past studies (von Hofsten, 1980; 1983; von Hofsten &
Lindhagen, 1978; Robin et al., in press), it is predicted that the
infants will be able to intercept the target in the no-barrier
conditions. It is uncertain how the infants will perform in the
barrier trials or in the "drop" trials, though it is expected that
they will reach less often and contact the object less frequently in
the "drop" trials due to the lack of information about the object's
speed and path.
Infants' performance in the current study will also have
implications regarding higher-level cognitive processes such as
anticipation and object representation. If infants look to the
center of the apparatus before the object emerges at midline, it will
confirm earlier work that demonstrated their ability to visually
anticipate the future location of the occluded object (e.g. Muller &
Aslin, 1978; Bower, Broughton, & Moore, 1970; Gratch, 1982). This
type of "visual anticipation", however, may be a relatively low-level
process, and might not reflect any real expectation for a specific
event. Scoring infants' reaching behavior in conjunction with their
looking behavior will provide a more interpretable means of
determining infants' intentions. Whereas eye movement studies rely
on uncertain extrapolation of intention based on looking behavior,
reaching is more easily interpreted as the infant trying to contact
the object. Initiating and/or maintaining a reach toward the future
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location of an object that is not visually present suggests a
functional preparation for a future event. While success at the task
in this study would not conclusively demonstrate higher level
cognitive functioning regarding anticipation of a specific event, it
would provide additional evidence for this ability.
Based on previous studies of infants' ability to track a moving
object, it is predicted that the infants will be able to track the
object equally well in all conditions. There is some evidence that
the infants might have more difficulty tracking the object past an
occluder (or a blink") in the dark based on their slightly poorer
performance in the dark conditions in past reaching studies, but
tracking a glowing object in the dark might be relatively easy
because of the lack of any other visual distractions.
In addition to providing evidence for anticipation in infancy,
success at intercepting the object at midline in the barrier and
blink conditions will also suggest that infants retain short-lived
visual representations of the target object that include its path and
its speed (adult work in Elliott, 1990) . Initiating or continuing an
action toward an unseen object will further imply that they are able
to aim and time their reaching based on this retained information.
According to the definitions set forth by Munakata et al. (1994), the
current study will show object representation at a level that allows
the infants to act on the hidden object. In all, while this study
will provide infants the opportunity to suggest some ability to
retain knowledge about the speed and path of a hidden object, their
behavior will not necessarily demonstrate that they have explicit
hypotheses about the behavior of the occluded object based on an
understanding of its specific properties.
By manipulating the visibility and tangibility of the occluder
itself, this study will also examine the role of the occluder as a
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distracter and as an obstacle. In the dark-blink condition, the
physical presence of the occluder as an obstacle will be eliminated.
T-tests comparing infants' reaching frequency and success in the
dark-barrier condition to their performance in the dark-blink
condition will reveal the effect of the barrier; if infants reach in
the blink condition and not in the barrier condition, the physical
presence of the barrier itself will appear to be inhibiting reaching,
either by serving as a distracter or by its physical presence as an
obstacle. Also, if the infants visually track the objects in the
barrier conditions successfully, but do not reach in these
conditions, it will further imply that the occluder served as a
distracter or as an obstacle to their obtaining the object. By
scoring the number of times that infants' reaches result in their
hand hitting a barrier the effect of the barrier as a physical
obstacle will be observed. By observing whether the infants' hands
drop as soon as the object passes behind a barrier the distracting
role of the barrier will be observed. In addition, t-tests comparing
infants' success at tracking the object in the barrier and blink
conditions will reveal if they have particular difficulty with a
physical barrier compared to a visual barrier, and if they have
particular difficulty with a barrier in the dark.
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CHAPTER III
METHOD
A. Participants
Thirty infants (20 females, 10 males) from 28 to 32 weeks of
age (average age 30 weeks) were recruited by contacting their parents
through letters and follow-up phone calls. The letters were sent
when the infants were approximately seven months of age, and briefly
described what would be required of both the parents and of the
infants if they chose to participate in the study. The letters also
gave a brief overview of the issues that we were interested in
studying. Before any infant participated in the study their parents
signed a written consent form after reading a description of the
procedure and assurance that they could withdraw from the study at
any time (Appendix A, p. 94) . The age range of 28-32 weeks was
selected based on prior work which had shown that by seven months of
age infants could intercept a moving target (Von Hofsten & Lindhagen,
1979; Von Hofsten, 1980; Robin, et al
. ,
in press). In addition,
prior work had demonstrated that by seven months of age infants could
mentally represent transformations of hidden objects (e.g.
Baillargeon, 1987; Spelke, et al., 1992; Rochat & Hespos, 1996), as
well as successfully track a moving object behind an occluder (Muller
& Aslin, 1978) . Each infant came into the lab for a single half hour
session.
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B. Stimulus and Apparatus
Infants were videotaped
-at 33 frames/sec with an infrared
camera (Panasonic WV1800) which was placed approximately 2.2 meters
from the floor, 1.25 meters in front of and 1.5 meters to the right
of the infant. This view allowed for the scoring of the infants'
looking behavior as well as their hand movements. The signal from
the camera was fed through a time-date generator (For-A), into a
videocassette recorder (Panasonic Model 1950) and video monitor (Sony
Model 1271) . An Optotrak motion analysis system (Northern Digital)
was also used to record the movement of small infra-red emitting
diodes (IREDs) that were placed on the back of the infants' hands.
The IREDs were placed as follows: two on the back of each of the
infants' hands, and one on the side of the target object (facing the
Optotrak camera)
. IREDs provide 3-dimensional positional coordinates
at 100 frames/sec. This information, in conjunction with Optotrak
software, provides kinematic data about each reach. The Optotrak
cameras were adjacent to the video camera (i.e. above and to the
right of the infants, and slightly in front of them) . This position
was selected to maximize the amount of time that the IREDs on both of
the infants' hands would be in view. On each trial the Optotrak
camera was triggered for a 15 second interval, allowing the object to
•*
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pass back and forth in front of the infant three times. The Optotrak
system was linked to the video system so that the time-date generator
ran only when the Optotrak system was triggered.
The reaching apparatus consisted of a 7 cm Big Bird finger
puppet which moved laterally through the infants reaching space back
and forth on a horizontal plane. The object had a small light inside
which illuminated the toy. The light was wired so that it could
switch on or off when the object crossed certain points along its
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path. The lightbulb was powerful enough to illuminate the toy when
the room was darkened, but not so bright as to illuminate the space
surrounding the toy. The object moved at about the infant's chest-
height along a line that was parallel to the floor in a frontal
plane, so that the object moved to within 15 to 20 cm of the infant's
torso at the closest point in its trajectory. This distance was
chosen in order to elicit reaches that required the infants to fully
extend their arms. The object was placed on a small platform that
was attached to a Tech II Railpower 1400 (GE) model train engine, and
the lightbulb that was used to illuminate the object was attached to
this platform. This allowed the infants to remove the object from
the apparatus once they grasped it, leaving the lightbulb and wiring
behind. Figure 2 (p. 39) shows two views of the apparatus, straight-
on from the infants' side and a side view from the experimenter'
s
side
.
Two plain wooden occluders (18 cm across, 20 cm high, 0.5 cm
from front to back) were placed 20 cm apart and used on some trials
to obscure sight of the object. When the occluders were used the
object was visible for 1.5 seconds of motion on the infant's left or
right out of reach, then disappeared behind the first occluder,
reappearing just before the infant's midline. After being in sight
and within reach for approximately 1 second at midline, the object
passed behind the second occluder of the same size (see Figure 1, p.
27). The object moved at an average speed of 20 cm/sec, and each
pass from movement onset until the object emerged from behind the
first occluder took 2.5 seconds, so that the object was occluded for
a total of about 1 second per occluder. The duration of time that
the object remained in view prior to being obscured (1.5 seconds), as
well as the duration that the object was obscured (1 second), was
similar to that of prior studies of infants visually tracking a
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Figure 2. Photographs of the apparatus.
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moving object behind an occluder (e.g. Muller & Aslin, 1978; Bower,
Broughton, & Moore, 1970; Cratch, 1982). The speed of the object was
also consistent with prior work which had demonstrated successful
reaching for a moving object and successful tracking of a moving
object behind an occluder (e.g. Von Hofsten, 1980; Robin et al., in
press; Muller & Aslin, 1978). Because the IREDs were on both of the
infants' hands, Optotrak data would be available if the object were
grasped by either hand while moving in either direction.
C
.
Procedure
Infants were seated on their parent's lap throughout the
procedure. Parents were instructed to refrain from influencing the
infants in any way other than comforting them if necessary, and to
support the infant by holding them firmly around the hips and waist.
The camera view was such that if the parent either moved the infant
or touched their arms or hands, it would be visible to the
experimenters
. IREDs were attached to the infant by the experimenter
prior to the presentation of the object (see Appendix B, p. 95, for
the specific experimental procedure that was followed prior to the
beginning of the session) . After the IREDs were fastened, the
researchers took their positions; one by the apparatus and one by the
video monitor. The experimenter by the video monitor observed the
infant during all trials, and was also responsible for triggering the
Optotrak system when signaled by the other experimenter. In
addition, the experimenter by the video monitor was responsible for
filling out a protocol form (Appendix C, p. 97) that summarized the
basic events of each session as the session progressed, such as the
trial types that were being presented and whether or not a reach
occurred. The experimenter by the infant was responsible for keeping
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the infant interested in the apparatus, starting and ending the
motion of the object for each trial, and either removing or
installing the occluders.
The infants were given two types of warm-up trials in order to
establish their interest in the procedure. The first warm-up trial
was a presentation of a stationary big bird toy, placed on the center
of the apparatus at the infant's midline. The second warm-up trial
consisted of the toy moving toward the infant's midline in the light
(without a barrier) and stopping at midline. In addition to the
warm-up trials, infants who did not reach for the object in their
first trial in a barrier condition during the experiment received one
demonstration of the object moving behind one of the barriers and
reemerging at midline, where it stopped moving and remained in sight
between the two barriers (11 infants received this type of
demonstration)
. The experimenter stopped the object when it
reemerged and allowed the infant to reach for, grasp, and play with
the object. The idea was to show the infant that it was possible to
contact the object between the two barriers and to encourage
reaching.
Three different groups of infants were tested, with 10 infants
randomly assigned to each group. Each group received a selection of
four from the following seven types of trials: 1. Light no-barrier
trials, wherein the object moved back and forth in the light, with no
barriers. 2. Light-barrier trials, wherein the object moved behind
a barrier after 1.5 seconds of motion in the light and reemerged at
midline, 1 second later, then remained in sight for 1 second, then
moved behind the second barrier for 1 second. The object then
reemerged and continued moving (out of reach) for 1.5 seconds. 3.
Dark no-barrier trials, wherein an illuminated object moved in the
dark, with no barriers. 4. Dark-barrier trials, which were the same
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as the light-barrier trials, but with an illuminated object in the
dark. The light for the illuminated object was extinguished when the
object moved behind the barrier so that a glow could not be seen from
around the edges of the barriers. 5. Dark "blink" trials, which
were visually similar to the dark-barrier trials, but the light for
the illuminated object was extinguished at the locations of the
barriers rather than the object passing behind an actual barrier.
Prior to these trials, the infants were able to see that there were
no barriers in place. 6. Light "drop" trials, in which the object
was held above the barrier for approximately 1.5 seconds, then
dropped down behind one of the barriers from above at the onset of
the trial. The object then reappeared after 1 second of occlusion,
toward midline so that the infants did not receive any visual
information about the speed or trajectory of the object before it
appeared at midline. 7. Dark "drop" trials, which were the same as
the light "drop" trials, but with a glowing object in the dark. So
that the infants could see the object in the dark when it was above
the platform, an identical object that was painted with a non-toxic
glow-in-the-dark paint was used in this condition. The drop trials
were practiced by the experimenter and reviewed on video to get as
accurate and consistent timing as possible.
In sum, the object either moved past the infant in the light
and in the dark with no obstruction of any kind (light no-barrier and
dark no-barrier trials), or it moved past them and was out of sight
for one second prior to midline (light-barrier, dark-barrier, and
dark "blink" trials) . The light "drop" and the dark "drop" trials
were intended to provide a similar visual effect as the light-barrier
and dark-barrier trials, but with the removal of any sight of the
object's path or speed at the beginning of the trial.
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The three groups of infants received trials as follows (see
Table 1, p. 29): Group One received the light no-barrier, dark no-
barrier, light-barrier, and dark-barrier conditions. Group Two
received the light no-barrier, dark no-barrier, light-barrier, and
dark-blink conditions. Group Three received the light no-barrier,
dark no-barrier, light-drop, and dark-drop conditions. The first
group contrasted no-barrier trials to barrier trials, as well as
contrasting trials in the light to trials in the dark. The trials in
this group allowed for investigation of the disruptive effect of the
barriers and infants' ability to compensate for this disruption. The
second group contrasted the dark-barrier condition with the dark-
blink condition, comparing the effect of a physical barrier with that
of a "visual barrier". The light-drop and dark-drop conditions in
the third group of trial-types were used to look at the effect of
removing the information about the path and speed of the object prior
to its reemergence at midline.
In all groups trials were presented in randomly ordered blocks
of two trials, and the order of these blocks was counterbalanced
across subjects. Infants received a total of three blocks, or six
total trials in each condition. Each infant had four conditions for
a total of 24 trials. Trials were terminated if the infant contacted
the object. Each session took approximately 20 minutes to run. The
starting position of the object was random on either side of the
infant at the beginning of each trial.
D. Data Scoring
The initial scoring of the data was done by viewing the
videotapes. Each pass of the object was scored and analyzed
individually throughout the data analysis. Overall, there were 4
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passes made through the videotape data. The first pass essentially
recorded if a reach occurred or not, and which hand was used.
"Reaches" included all hand movements that were made toward the
object, including those that missed the object or stopped when the
reach was partially completed. The second pass isolated the onset
and contact times of each reach for use with the motion analysis
system. The third pass recorded head movements to investigate
looking behavior. The final pass determined the position of the
object at reach onset and contact. These passes are described in
more detail below.
The initial viewing of each pass of the object on these tapes
revealed if the infant performed any type of arm movement on each
pass, and if they successfully contacted the object. If a reach
occurred, the reaching hand used (right, left, or bimanual)
,
and the
direction in which the object was moving were recorded as well. Any
reaches that involved both reaching hands were scored as bimanual.
It was not unusual (N=46, see Table 2, p. 45) for more than one reach
to occur on a single pass, usually after the first reach missed the
target. When a miss occurred, it was recorded whether the miss was a
result of the reaching hand hitting one of the barriers on its way to
the target. From the hand used and the direction in which the object
was moving, the reaching strategy used (ipsilateral, contralateral,
or bimanual) was recorded. If the object was coming from the left
and the infant reached with the right hand, the reach was scored as
contralateral; if the object was coming from the left and the infant
reached with the left hand, the reach was scored as ipsilateral.
Next, reaching frequency (percentage of passes in which there was a
reach) and reaching success (percentage of reaches in which there was
a contact) were calculated.
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A second pass through the data was used to isolate the reaches
themselves from the rest of the trial by determining the point of
reach onset and the point of contact with the object. Both onset and
contact times were determined by viewing the videotapes. Reach onset
was defined as the beginning of the movement of the hand toward the
object, either up or away from the infant's body. Contact was
defined as the point at which the infant's hand first touched the
object. When a reach missed the target, the point at which the hand
completed its motion toward the object and either stopped or reversed
direction was used as the "contact point". All of the onset and
contact times were scored by two observers, who had 86% agreement
within 0.1 second. A third observer independently scored all onset
and contact times that were scored differently by the other two
observers. Disagreements were settled in favor of whoever was
closest to the third observer's scoring.
A third pass through the data concentrated on the infants'
F
looking behavior. All trials were scored by two observers who
recorded whether the infant was looking at the object during each
phase of each pass: before the object moved behind the occluder,
when it reemerged at midline, and when it reemerged out of reach on
the far side of the second occluder. It was noted whether an infant
was looking at the object for the entire duration of time that the
object was visible at each location (before the barrier, in the
middle, after the second barrier)
,
or if the infant looked toward the
object only after it was already in view at a given location. Head
movements were used more than eye movements to score looking because
the infants tended to make gross head movements toward the direction
in which they were looking whereas their eye movements were not
\
easily seen with the camera angle that we used. Also, when tracking
the object behind a barrier the infants tended to make a rapid.
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saccade-like head movement to the center of the apparatus rather than
make a smooth head movement to the other side of the barrier. There
was 95% agreement between the two scorers on the looking data about
whether an infant had looked' to the center of the apparatus prior to
the emergence of the object. When an infant did not look at the
object at any point throughout an entire pass, that pass was excluded
from further analysis (N=40, see Table 2, p. 45, for breakdown by
condition)
.
Once the onset and contact points were identified, kinematic
measures of the reaches were assessed using Optotrak data. Reaches
that were missing more than 5 consecutive data points (50 msec) from
four of the IREDs that were on the backs of the infant' s hands
were excluded from these analyses. Reaches that were missing fewer
than 5 consecutive data points, but were missing some data, were
subject to a linear spline and included in all of the following
analyses. Some reaches have missing data points because of obscured
IREDs, or because part of the reach occurred when the Optotrak was
not triggered. A fairly large number of trials (48% of reaches) were
missing more than 5 data points at some point during the reach, and
were subsequently excluded from the Optotrak analyses. Table 2 (p.
45) shows the total number of passes in each condition, and shows the
number of reaches that contained usable Optotrak data. In the
kinematic measures, if there was more than one reach in a trial, the
"extra" reaches were treated as distinct and contributed equally to
the data.
The following kinematic measures for the reaching hand were
obtained for each reach; average speed, maximum speed, distance,
straightness, duration, path length, and number of "movement units"
during each reach. Velocity estimates were obtained using a digital
filtering algorithm wherein the smoothing of the data is controlled
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Based on the work
by a single parameter (Busby and Trujillo, 1985)
by Busby and Trujillo, and keeping consistent with prior work in our
lab (Robin et al., in press; Berthier et al
. ,
in press), we set that
single smoothing parameter at 1X10' 11
. "Distance" was calculated by
measuring the straight-line distance between the reaching hand's
position at reach onset and its position at contact. in contrast,
"path length" referred to the total distance traveled by the reaching
hand during the course of the reach. Straightness measures included
measuring the average and the maximum amount of deviation from the
straight-line path between the hand's positions at reach onset and at
contact (the path used to calculate "distance")
. The number of
movement units within a reach was calculated based on previous work
by von Hofsten (1991) . Movement units are the accelerations and
decelerations in the speed profile in a given reach that are bounded
by local speed "peaks" and "valleys". We defined the boundaries of
movement units as local minima in the speed profile wherein speed
increased at least 10 cm/ s within 10 samples, or 0.1 seconds of the
minima. This definition prevented very slight changes in the speed
profile from being scored as boundaries of a movement unit. Movement
units in the speed profile often correspond with changes in the
direction of the reach, so that a reach with several movement units
would be a reach that changed direction several times (Fetters &
Todd, 1987) . Changes in direction that are associated with the
boundaries of a movement unit may be only slight adjustments to the
hand's path.
A final pass through the data recorded the position of the
J
object at reach onset and at contact. The object's position was
defined by its location on the apparatus. The object's location was
scored as follows: far left, far right, behind the left barrier,
behind the right barrier, or in the center. The object was scored as
48
behind a barrier when Che light that illuminated the object was
turned off, which it did in both the no-barrier and barrier trials.
In the light and dark no-barrier conditions, the position at which
the light would have switched on and off was easily determined by
looking at the object's position relative to the switches on the
apparatus that controlled the illumination of the object.
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CHAPTER IV
RESULTS
A. Behavioral Analyses
1 • Preliminary Issues
The behavioral data were scored based on each individual pass
of the object (a maximum of three passes per trial)
. The benefit of
scoring each pass of the object, as opposed to each trial, is that
the latter method can obscure differences between conditions by
combining more than one pass. For example, if in one condition an
infant tended to miss the object on the first pass and then contact
the object on the second or third pass, and in another condition they
consistently contacted the object on the first pass, scoring by trial
would not make a distinction between the two success rates. In fact,
the proportion of passes with more than one reach does differ based
on condition: Barrier trials were more likely to evoke multiple
reaches (9% of passes in the light and 5% of passes in the dark)
compared to the other trials (3% and 2% of light and dark no-barrier
trials) . A comparison of the data obtained by scoring individual
passes and by scoring trials, however, indicates that the two methods
of looking at the data produce similar averages, and lead to similar
i
levels of statistical significance between conditions (Appendix D, p.
98) .
The analyses of the behavioral data were performed based on
each infant contributing an average for each condition to each
analysis, so that the data were not weighted by number of reaches.
50
The agreement between the averages obtained by this method and the
averages obtained by summing all of the data (see Appendix D, p. 98)
suggests that the averaged data closely represented the total
population of reaches
.
Many of the behavioral analyses required a separate overall
ANOVA for each of the three groups of infants, because no infant
contributed to all of the conditions in all of the groups. The
follow up t tests that tested differences between conditions that
were in separate groups, such as dark-barrier and dark-blink, were
between-subjects tests, whereas all of the other follow-up tests were
within-subjects. When there were several follow-up tests, and in all
additional cases where it was appropriate, a Bonferroni adjustment
was made so that alpha ( familywise) <.05.
2
. Reaching Frequency
Initial analyses concerned the amount of reaching and the
amount of successful contacts by condition. Reaching frequency was
defined as the percentage of passes of the object on which the infant
reached. Each infants' performance was weighted equally in
determining a mean for each condition, rather than summing over all
infants. Figure 3 (p. 52) shows the number of reaches given the
number of passes of the object for each condition. The mean
performances by condition showed that the light no-barrier and dark
no-barrier conditions had the highest proportion of reaches (77% and
70% respectively), followed by the light-barrier and dark-blink
conditions (49% and 42%), with the least amount of reaching in the
dark-barrier and light-drop conditions (24% and 19%) . Only one baby
reached two times in the dark-drop condition. A separate repeated-
measures ANOVA was run for each of the three different groups of
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3.
Reaching
frequency
by
condition.
infants (see Table 1, p. 29, for the conditions that each group
received)
. For all three groups of infants there was a si
main effect for amount of reaching by condition (Group 1 -
gnif icant
F(3,27) =
14 . 08
, p< . 0001 . Group 2 - F(3,27) = 4.13, p<.02. Group 3 - F(3,27)
= 17 . 5
, p< . 0001 ) Follow up within-subject t-tests failed to reveal
significant differences between the light no-barrier trials and the
dark no-barrier trials in any of the three groups. An additional t-
test performed on reaching frequency data collapsed over all three
groups did not find a significant difference between the light and
dark no-barrier trials. This result is somewhat in contrast with
past work (Robin et al., in press) in which infants made
significantly more reaches in the light than in the dark for an
illuminated moving object. In both the current study and Robin et
al. (in press), however, there was slightly more reaching in the
light, but not a striking difference between the two conditions. In
contrast to the lack of significant differences between the light no-
barrier and the dark no-barrier conditions, both of these conditions
were significantly different from all of the other conditions, with
the no-barrier conditions evoking significantly more reaches. This
result reveals that the infants' tendencies to reach were affected by
all of the different obstacles, both visual and physical.
A follow-up within-subjects t-test compared reaching frequency
in the light- and dark-barrier conditions, and between-subjects t-
tests compared reaching frequency in the dark-blink condition with
the light and dark-barrier conditions. These tests revealed that
infants reached significantly more often for the object in the light-
barrier and dark-blink conditions (48% and 42% of passes) than in the
dark-barrier condition (24% of passes). There were no further
significant differences between conditions; a comparison between the
light-barrier and dark-blink conditions revealed no significant
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difference, and the drop trials did not yield enough reaches to make
any meaningful comparisons.
The reaching frequency data replicated earlier work that had
shown that infants were not 'reluctant to reach in the dark for a
moving object in the no-barrier conditions. Also, these data showed
that the infants were at least willing to attempt to contact the
object in between the two barriers (or in between "blinks"), and that
they would very rarely, if at all, attempt to contact the object in
the dark without first seeing it approach the barrier from the side
(in the dark-drop condition)
. The significant difference between
infants performance in the light-barrier and the dark-barrier
conditions are better understood within the context of the following
analyses of the success rate and looking data, as both of these
factors affect reaching frequency.
3 . Success Rate
Success rate was defined as the number of contacts with the
object given the number of reaches. Again, means for each condition
were obtained by having each infant contribute equally, rather than
weighting by the number of reaches and summing over all infants.
Figure 4 (p. 55) shows the number of contacts with the object given
the number of reaches that were made for each condition. The pattern
of results was similar to that of the reaching frequency data, in
that the no-barrier conditions had the highest success rate (82% in
the light, 71% in the dark), followed by the light-barrier (30%) and
dark-blink (36%) conditions, with the least amount of success in the
dark-barrier condition (16%). Because only three babies successfully
contacted the object in the light-drop condition (N' s of 1, 1, and
4), and only one baby reached at all (N=2) in the dark-drop
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condition, these groups were not included in the success rate
analyses. Separate repeated-measures ANOVAs were conducted for each
of the three different groups *of infants (see Table 1, p. 29, for the
conditions given each group). There was a significant main effect
for success rate by condition in all three groups (Group 1 - F(3,21)
= 37.61, p<.0001. Group 2 - F(3,21) = 6.76, p<.002. Group 3 -
F(2,8) = 13.13, p<.003). Follow up within-subjects t-tests also
yielded results that were similar to those of the reaching frequency
data. First, the light and dark no-barrier conditions were never
significantly different from one another, emphasizing infants'
similar overall performance in these two conditions. Also, the
infants contacted the object on a significantly higher proportion of
reaches in the no-barrier conditions than in any other condition,
showing that the other conditions did, in fact, hinder performance.
Other follow-up t-tests, including a within-subjects light-barrier
versus dark-barrier comparison, and a between-sub j ects light-barrier
versus dark-blink comparison, revealed no further significant
differences
.
Overall, the fact that the success rate data paralleled the
reaching frequency data is not very surprising, in that any factor
that makes a task more difficult might decrease both the amount and
the success of reaching. Also, fewer successes might lead to less
reaching as the infant becomes frustrated or gives up at the task,
and less reaching, in turn, might lead to a lower success rate due to
the infants having less practice at the task. This relationship
between these two measures is consistent with previous studies which
have shown the close relationship between reaching frequency and
reaching success (e.g. Clifton et al., 1994; Robin et al., in press).
Because of the similarity between the two analyses, the success
rate data emphasizes many of the same points as the reaching
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frequency data. Overall, performance was similar in the light no-
barrier and dark no-barrier conditions, while the infants did
significantly worse in the other conditions. Unlike the frequency
data, however, the success rate data more directly assesses
performance and measures ability. The success rate data shows that
when the infants did reach they were capable of contacting the object
in all of the conditions, but that the visual and physical occluders
made reaches significantly less likely to contact the target.
Several different factors can lead to low reaching frequency
and low success rates. The infants could have difficulty visually
tracking the object along its path because of loss of information
during visual or physical occlusion, they could begin their reach at
an inappropriate time (see van der Meer, et al., 1994) they could
fail to physically avoid the barrier, or the barrier could serve as a
visual distraction for the infants. In order to fully understand the
rates of reaching for and contacting the object, all of these factors
were investigated.
B. Influential Factors
1 . Visually Tracking the Object
The infants' looking behavior was used to help distinguish
between misses that resulted from reaches that were poorly aimed or
timed, and misses that were due to the infants visually losing track
of the location of the moving object. The looking data was used to
assess how often the infant failed to track the moving object to the
center of the apparatus. This analysis was done by dividing the
apparatus into three sections, and scoring the percentage of time
that the infant visually followed the object from one section of the
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apparatus to the next. The three sections were the far left (to the
left of the left-barrier)
,
s the middle (in between the two barriers),
and the far right (to the right of the right-barrier)
. "Right" and
"left" were defined from the infant's perspective. Successful
tracking of the object required the infant to look to the center of
the apparatus before the arrival of the object, or to smoothly follow
the object from one section to the next in the no-barrier conditions.
This scoring was surprisingly easy to do because the infants tended
to make gross, abrupt head movements toward the areas that they
looked at. Because of these gross motions, head movement was used
more than eye movement to judge looking.
The looking data revealed clear differences between conditions
in the infants' ability to track the moving object for the length of
its path. Figure 5 (p. 59) shows predictive looking frequency by
condition, determined by the number of times that an infant looked to
the center of the apparatus prior to the appearance of the object,
given the number of passes of the object. The light and dark no-
barrier trials served as a baseline measure in that there was no
visual obstacle to the infant, and infants tracked the object to the
center of the apparatus on approximately nine out of ten trials in
these conditions (93% in the light, 90% in the dark). They were
somewhat less successful tracking the object to the other side of the
barriers in the light (70% in the light-barrier condition, 69% in the
light-drop condition)
,
and had a great deal of difficulty tracking
the object when it was not continuously visible in the dark (28% in
the dark-barrier condition, 20% in the dark-blink condition, and 26%
in the dark-drop condition) . Overall repeated measures ANOVAs
verified that there were significant condition effects for all three
groups of infants (Group 1 - F(3,27) = 33.99, pc.0001. Group 2 - =
F ( 3, 27 ) = 74.79, p<.0001. Group 3 - F(3,24) = 31.94, p<.0001).
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Follow up within-subject t-tests confirmed that there were no
significant differences between the light and dark no-barrier
conditions in any of the three groups, while, in contrast, these
conditions differed significantly from all of the other conditions.
In addition, between-subjects t-tests showed that the light-barrier
and light-drop conditions were both significantly higher than the
remaining three conditions (dark-barrier, dark-blink, and dark-drop)
.
It is possible that the overall room lighting may be responsible for
these results in some basic manner, such as the dark conditions being
more distracting to the infants. The fact that there is no
difference between the light and dark no-barrier conditions, however,
suggests that the infants' performance is not being determined by the
overall lighting in the room, but rather by their difficulty in
tracking an object past an occlusion in the dark rather than in the
light.
2 . A Physical Barrier
In order to successfully contact the moving object in this
experiment the infants had to visually keep track of the object's
location, even when the object was occluded. We examined infants'
visual tracking through their looking data. In designing this
experiment, it was clear that the infants would have to keep track of
the object as well as appropriately time the trajectory of their
reaches in order to intercept the moving target. As the experiment
progressed it became clear that the infants had an additional
obstacle: in four of the conditions they had to physically avoid the
two barriers and reach between them into a space that was
approximately 20 cm across. Avoiding these barriers proved to be
difficult for the infants, as they appeared to focus solely on the
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target, and pay little attention to the course traveled by their
reaching hands.
The percentage of misses in which the infant's hand struck a
barrier was calculated by condition in order to take into account
this added task difficulty. In calculating this measure the numbers
reported are totaled over all of the infants, because dividing the
data by infant, condition, and reason for a miss (hit barrier vs. did
not hit barrier) spread the data too thin for each individual infant
to contribute a meaningful average. The data is thus used
descriptively, and no analyses were performed on the following
numbers
.
Overall, quite a high percentage of misses resulted from
infants hands hitting a barrier. In the case of the light—barrier
and dark-barrier conditions, in more than half of the trials in which
the hand missed the target the reaching hand hit a barrier (52/89=58%
vs. 22/30=73% in the light and dark respectively). The light-drop
(6/15=40%) condition was somewhat lower. Physically avoiding the
barriers was clearly a problem for the infants, and was an important
factor in determining success rates in the different conditions. The
V
motion of the target object was a likely source of the problem, as
the infants in this study had no difficulty reaching in between the
barriers to a stationary target. Also, older infants (10 month-olds)
have demonstrated their ability to reach proficiently to stationary
targets through much smaller apertures (15 cm by 6 cm) (McKenzie,
Slater, Tremellen, & McAlpin, 1993)
.
3 . Object Position at Reach Onset
The data that show how often the reaching hand hit the
barriers, in conjunction with the looking data, help to explain the
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success rates in the different conditions. In addition to tracking
the object, the infants also had to time the onset of their reach
successfully in order to intercept the target within a relatively
small amount of space, in a relatively short amount of time. The
position of the object at reach onset and contact was scored in order
to reveal if object position was related to infants' successes and
failures in contacting the object. Object position was defined with
respect to the apparatus itself: Before the object reached the
3t the barrier, and in the middle. The location of the
barriers on the apparatus was also clear on the no-barrier and blink
trials because the boundaries of the barriers were permanently marked
on the apparatus. Infants did not initiate reaches after the object
had already passed by the opening at the center of the apparatus.
The following descriptive numbers are reported by summing over
infants because there are not enough of each type of situation (hits
and misses with reach onsets at each object position) for each infant
to contribute a meaningful individual average. Table 3 (p. 63) shows
that, across all conditions, infants tended to initiate their reaches
early, before the object had reached the position of the first
barrier. This tendency may reflect that the infants were attempting
to contact the target as soon as it arrived within reach. Infants
were relatively unsuccessful, however, when initiating their reach
early, particularly in the barrier conditions in which they contacted
the object on 7% and 9% of attempts in the light and dark
respectively. This low success rate is related to the fact that the
infants frequently contacted the barrier when they initiated their
reaches too early, apparently because they tried to reach straight
into the path of the object instead of waiting until it was
accessible in the space at the center of the apparatus. Table 4 (p.
64) shows the reaches that were initiated before the object passed
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behind the barrier and failed to contact the target, broken down by
the reason for their failure to reach the target. In the barrier
conditions hitting the barrier was the most common reason that
infants failed to contact the object when reaching early, as opposed
to stopping the hand in "mid-flight". In the dark-blink condition,
however, stopping the hand during the course of the reach when the
object was extinguished was fairly common (see Table 4, p. 64). This
difference between conditions is not surprising considering the fact
that infants could not hit their hands into a barrier in the dark-
blink condition. In fact, 12 out of the 22 contacts that were made
in the dark-blink condition occurred when the object was darkened,
which implies that the infants may have hit the barrier quite often
if there had been one present in this condition. However, the fact
that performance in the dark-blink condition was relatively poor for
reaches that were initiated early (47% success) compared to reaches
that were initiated later (62% success) suggests that loss of sight
of the target affected the infants in addition to the physical
interference of the barrier. Also, the lower success rate of reaches
that were initiated before the barrier in the dark-blink condition
(47%) compared to the dark no-barrier condition (67%) suggests that
reaches were interrupted "mid-flight" by loss of sight of the target.
In the no-barrier trials infants performed relatively well when
they initiated their reaches late, after the object had passed the
position of the first barrier. This result could reflect that
infants made use of the sight of the object traveling the full length
of the apparatus. Further, infants' contacted the object more often
in the no-barrier conditions than in any of the other conditions even
for reaches that were initiated after the object was already past the
first occluder. This suggests that full sight of the target prior to
initiating a reach will lead to more successful reaching. In
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addition, infants were relatively successful in the barrier and blink
conditions when initiating their reaches after the object emerged at
nudline, but were unable to contact the object when it emerged at
midline in the drop conditions
. This result suggests that infants
made use of sight of the target's trajectory to prepare their reaches
before the object emerged at midline, because they were unable to
intercept the target when they could not see the target's speed or
path just prior to its emergence at midline.
4 • Ipsilateral vs. Contralateral Reaching
Previous work on reaching "strategy" (Robin et al
. ,
in press;
von Hofsten, 1980) has shown that at both 5-months and 7.5-months of
age infants tend to reach for a moving object with their
contralateral hand (the hand on the opposite side of the body of the
moving object) while they consistently reach for a stationary object
with their ipsilateral hand (the hand on the same side of the body as
the object)
. One possible explanation for this finding was that
infants were more successful with the contralateral hand than with
the ipsilateral hand, so they were more likely to use the hand that
afforded them the greatest amount of success. In this study,
however, the infants were significantly more likely to reach with
their ipsilateral hand (369 reaches) than with their contralateral
hand (223 reaches) (F(l,29) = 13.16, p<.001). The success rates
show, however, that the contralateral reaches were significantly more
likely to contact the object (140 contacts out of 223 reaches = 63%)
than the ipsilateral reaches (181 contacts out of 369 reaches = 49%)
(F ( 1, 29) = 5.91, p< . 021 ) . This latter result is consistent with the
previous Robin et al
. ,
result. There was no evidence of a
correlation between reaching strategy and hand used, so that an
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ipsilateral reach was no more likely to be right-handed than left-
handed. There was some suggestion, however, that reaching strategy
was related to the position o£ the object at reach onset, so that
infants were more likely to ‘initiate ipsilateral reaches before the
object passed behind the barrier than when the object was already
behind the barrier or in the middle (64% vs. 51% and 58%
respectively)
. In contrast, contralateral reaching occurred most
often when the object was behind a barrier, rather than off to the
side or in the middle (43% vs. 31% and 35% respectively). The same
percentage of bimanual reaching occurred at all three object
locations (5%) . Between-subj ects t-tests revealed that reaching
strategy did not differ significantly based on object position at the
onset of the reach, but the success rates associated with ipsilateral
and contralateral reaching may nonetheless be somewhat confounded
with the object's position at reach onset.
C. Other Behavioral Findings
1. Handedness
Handedness is not a very stable or consistent finding until
after the first year of life (Michel, 1983) . In reaching tasks,
however, infants tested longitudinally from 3 to 14 months of age
demonstrated some hand-use preference; over seven sessions 18 of 20
infants changed their preferred hand either one time or not at all
(Michel, 1982) . Consistent with this result, one-half of the infants
in the current study (15 out of 30) reached with the same hand on at
least 75% of all of their reaches. Infants reached significantly
more often with their right hands (F(l,29) = 8.63, p<.006), than with
their left hands (385 reaches with the right hand, 207 reaches with
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the left hand)
. Twenty-one out of the thirty infants in this study
reached more often with their right than with their left hands.
\ •*
There was absolutely no suggestion, however, of any difference in the
overall success of the right* hand (204 contacts out of 385 reaches =
53%) versus the overall success of the left hand (114 contacts out of
207 reaches = 55%) . There were a total of 599 presentations of the
object moving left to right (from the infant's perspective), and 625
presentations of the object moving from right to left, a difference
that fails to account for the difference in the number of reaches
between the right and left hands.
2 . Sex Differences
There was no evidence of any sex differences in any of the
behavioral data. In fact, males and females performed remarkably
similarly. Males reached on 51% of passes while females reached on
49.3% of passes. Males contacted the object on 61.1% of reaches
while females contacted the object on 62% of reaches. Females were
somewhat more likely to visually track the object past the barriers
to the center of the apparatus (20% vs. 10% of passes), but the
difference was not significant (SD's of 20 to 30%). Also, there was
no evidence that females or males were more likely to use their left
or right hands, or to use an ipsilateral, contralateral, or bimanual
strategy in contacting the object.
D. Kinematic Analyses
Kinematic analyses of reaching movements were performed in
order to determine the effects, if any, of the different conditions.
These analyses dealt with variables that assessed the overall
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kinematics ot each reach: average speed, maxim™ speed, distance,
straightness, duration, path length, and number o£ movement units.
The kinematic analyses were intended to help explain the differences
between conditions in the amount of reaching and contacting the
object. For example, when the object blinked off in the dark the
infants might have flailed around wildly, showing high hand speeds
with a lot of curvature, or when the barriers were up the infants may
have reached slowly and cautiously, showing slow speeds with a small
amount of distance traveled. Because only trials with unobscured
1RED data were included in these analyses, the number of trials that
were included is a subset of the trials that were used in the
behavioral analyses (see Table 2, p. 45)
.
Because none of the infants were tested in all of the
conditions, and because infants frequently contributed little or no
kinematic data to one of the cells of the design, a standard repeated
measures ANOVA would have little power. It would not include the
majority of the kinematic data by eliminating those infants that
*-° contribute to every cell. In the following kinematic
analyses a general mixed model ANOVA was used ( BMDP 3V) . This model
uses the restricted maximum likelihood approach to the fixed and
random coefficients model. In essence, this model fits the data to a
regression equation, making use of the available data. Thus, this
model does not average the individual contributions of each infant,
but does not necessarily weight an infant that contributed a large
number of reaches more heavily than an infant that contributed a
small number of reaches (it would depend on how closely each infant's
data fit the regression equation)
. In this way, the model can handle
missing data in some of the cells of the experimental design.
When interpreting these results individually, it should be
taken into account that virtually all of the kinematic variables are
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significantly correlated with one another (see Appendix E, p. 100).
For example, a reach with a longer duration will tend to have a
slower average and maximum sp^ed, a longer distance and path length,
and more curvature and movement units.
Overall ANOVAs showed significant effects of condition on the
average speed of the reach, as well as on the straightness of the
reach. Table 5 (p. 71) shows the kinematic means for each condition,
as well as the significant differences between conditions. The means
suggest that the significance largely comes from the higher average
speed and greater maximum deviation from a straight line in the light
no-barrier condition, particularly compared to the dark no-barrier
condition. The light-drop condition, for example, has the slowest
average speed and smallest deviation from a straight line, and the
dark-barrier condition has the second highest maximum deviation from
a straight line. There were no other significant main effects of
condition on the reaching kinematics. Apparently, the infants
adjusted the kinematics of their reaches very little based on
condition. This result is consistent with the idea that the infants
do not make kinematic adjustments for an obstacle in the path of
their reach, as suggested by how often they hit the barriers. The
kinematic similarity between barrier and no-barrier trials further
suggests that infants do not adopt a consistent "strategy" to
compensate for the presence of the barriers. It would seem that the
infants concentrate more on the object than on compensating for
obstacles in the path of the reach.
Further analyses were conducted to see if there were any
kinematic differences between right-handed, left-handed, or bimanual
reaches. There were no differences expected between these groups,
but the higher amount of reaching with the right hand suggested that
there might be some kinematic differences within these groups as
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well. In fact, there were several kinematic differences: Right
handed reaches were significantly longer in distance and duration,
and had significantly more movement units. These data initially
suggested that these infants were more likely to attempt reaches over
a longer distance with their right hands. Unfortunately, there is a
possible confound with these data, in that certain types of reaches
may have been more likely to be included in the Optotrak analyses
than other types of reaches. It is quite possible that longer
reaches with the left hand tended to start with the hand's IREDs out
of sight of the Optotrak cameras behind the infants' bodies, whereas
the longer right handed reaches would not have this problem.
Further analyses of ipsilateral, contralateral, and bimanual
reaches were conducted to see if the greater success of the
contralateral reaching strategy was reflected in the kinematic data.
An ANOVA revealed that ipsilateral reaches tended to be longer in
distance, path length and duration. These differences may reflect
that contralateral reaches were less likely to result in the hand
chasing after the object.
The initial overall ANOVAs had been run with sex as a potential
variable. Because there was no indication of any kinematic
differences between the reaches of male and female infants, sex was
then excluded as a variable in all analyses.
E. Summary and Explanation of Infants' Performance
The results of this study suggest that infants' performance in
these tasks could be explained by two factors: their difficulty
avoiding the barriers while reaching for the moving target, and their
difficulty visually tracking the object past an occlusion in the dark
conditions. To test this hypothesis, a logistic regression analysis
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presence of a
was run using as predictors the two factors of the
barrier and the presence of an occlusion in the dark. Each
presentation of the object was. coded as either light or dark, barrier
or no barrier, reach or no-r’each, and, if there was a reach, contact
or no-contact. Infants were expected to reach less often and contact
the object less often when there was a barrier present and when the
object was occluded in the dark.
The results of this analysis indicated that the presence of a
barrier was a significant factor
( p_< .001) in predicting both reaches
and contacts. Infants were approximately 4.8 times as likely to
reach in the no-barrier conditions as in the barrier conditions, and
when they did reach, 4.1 times as likely to contact the object in the
no-barrier conditions. Further, the overall room lighting was a
significant (jd<.001) predictor of both reaches and contacts, with
infants reaching and contacting the object more often in the light.
The interaction term was not significant, indicating an additive
effect of these two factors.
Overall, when continuous sight of the moving target was
prevented, either by a physical barrier or by darkness, infants had
some success intercepting the object, though in terms of both
reaching frequency and success rate infants performed significantly
worse in the occlusion trials. Their reaching frequency and success
rates appeared to suffer as a result of their difficulty visually
tracking the object past an occlusion in the dark, as well as their
difficulty avoiding the physical barrier with their reaching hand.
While the infants could visually track the object behind the barrier
in the light, they frequently could not avoid hitting the barrier
with their hand, whereas in the dark-blink condition when there was
no physical barrier they would often fail to track the object. The
dark-barrier condition led to the lowest rates of reaching and
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contacting the object because of the combined difficulties of
tracking the object to the other side of the occluder in the dark and
avoiding the physical barrier ‘with the reaching hand.
i;
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CHAPTER V
‘ DISCUSSION
A. Summary of Infants' Performance
The results of the current study showed that infants' reaching
performance improved when they had full sight of the approach of a
moving target. The infants appeared to benefit from sight of the
object's trajectory, and use this information to enact an accurate
reach. When sight of the approaching target was obscured just before
the target reached midline and the infants' reaching space, reaching
frequency and success rate decreased significantly. Prior work with
infants reaching for stationary targets (Ashmead, et al., 1993;
McCarty, 1993) had similarly shown that reaches were disrupted when
sight of the target was obscured, but also that infants could
sometimes contact a target even when sight of the target was not
continuous throughout the course of the reach. Work with moving
targets had also shown that infants were disrupted by the loss of
continuous sight of, and access to, an approaching target, but would
eventually learn to compensate for this loss of information by
adjusting the timing of their reaches (van der Meer, et al., 1994).
Like in van der Meer et al . (1994), the use of a moving target in the
current study increased the importance of continuous sight of the
object by providing a constantly changing target location. As
opposed to a stationary target that either faded from sight (McCarty,
1993) or shifted once suddenly (Ashmead et al., 1993), infants had to
use sight of the speed and path of the object to track object
position, and use this information to coordinate an accurate reach.
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In addition to the use of a moving target, the barrier and blink
conditions in the current study obstructed sight of the target with
both physical and visual occlusion, in order to distinguish between
the effects of interfering with sight of the target and physically
preventing access to the target. Further, the current study
specifically looked at infants' use of sight of the object's
trajectory as it approached reaching space by including the drop
conditions, in which the target did not approach reaching space at a
constant speed or linear path. Finally, in addition to measures of
reaching frequency and success rate, the current study also looked at
infants' performance in terms of object position at reach onset, and
examined infants' reaching behavior in conjunction with their looking
behavior to provide an explanation of their reaching performance.
This explanation of their performance primarily involved infants'
inability to attend to and compensate for obstacles within the
reaching path, and to visually track moving objects past occlusions
in the dark. This study also suggested that infants are better able
to reach for a target when its approach is visually uninterrupted,
and if the target has a constant speed and linear path.
B. Use of Sight of the Target and Trajectory Information
Infants' performance in the current study was generally
consistent with past studies in which sight of the target was
manipulated (McCarty, 1993; van der Meer, et al . , 1993), in that the
infants were capable of intercepting the target without continuous
sight of its approach, but performed significantly worse when
continuous sight of the target was disrupted. In the barrier
conditions, infants' failures could have resulted from both the loss
of continuous sight of the object, as well as from their inability to
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physically navigate their hands past the barriers. The high number
of misses that resulted from infants hitting their hands into a
barrier (see Table 4, p. 64) showed that one of the main difficulties
that infants encountered wheh attempting to contact the target was
avoiding the barriers.
The current study replicated earlier work which demonstrated
that infants reach with similar frequency and success rates for a
object in the light and for a glowing moving object in the
dark (Robin et al., in press), showing that even when task demands
are relatively high infants do not need to see their reaching hands
order to reach proficiently. The results of the current study go
further than previous work in emphasizing that the sight of the
reaching hand is not the focus of infants' attention in early
reaching. This study showed that infants frequently hit their hands
into an opaque barrier that was between their reaching hand and the
target object. McKenzie et al
.
(1993) had shown that 10-month-olds
would vary the hand that they reached with, as well as the
orientation of the reaching hand, based on the perceived difficulty
of reaching through an aperture to a specific target. Their results
implied that the infants in their study acknowledged and adjusted to
the obstacles in the path of their reach. The younger infants in the
current study, however, appeared to concentrate on the position of
the target object to the exclusion of the position of the reaching
hand or the path of the reaching hand, resulting in many contacts
with the barrier rather than the target. In addition, the fact that
the kinematics of the reaching hand changed very little based on
whether or not a barrier was present further suggests that infants
paid little attention to obstacle avoidance, focusing instead on the
position of the target object. The increased task difficulty caused
by the object being in motion may have led to an increased focus on
77
the target and a decreased focus on the path of the reaching hand.
In a less difficult task, such as reaching for a stationary target
through an aperture, infants might take into account the path of the
hand and vary kinematics to 'avoid obstacles. In this task, however,
the infants appeared to ignore the means, or the obstacles to the
completion of the reaching task, instead focusing exclusively on the
goal. Infants might develop the ability to attend to both the target
and the path of the hand becween 7 and 10 months of age. This
possibility would be in agreement with previous research that has
shown young infants failing to avoid barriers when reaching for a
stationary obstructed target. Diamond (1990), for example, showed
that infants would consistently hit their hands into both opaque and
transparent barriers that were placed between the infant and a target
object. She concluded that the infants were attending to the target
object and ignoring the obstacles that were hindering access to the
target. The infants in the current study showed a similar difficulty
accounting for the barriers, and, like in the work of Diamond (1990),
often reached into the barrier.
Hitting the barrier appeared to be related to infants'
consistent tendency to initiate their reaches relatively early,
before the object reached the position of the first barrier (see
Table 3, p. 63). While launching the reach early did not appear to
be a serious problem in the no-barrier and blink conditions, it led
to a very low contact rate in the barrier conditions. Contact rates
for reaches that were initiated early in the barrier conditions were
lowered as a result of the physical presence of the barriers, as
evidenced by the lower success rate of early-initiated barrier trials
versus early-initiated blink trials. Initiating a reach early has
been shown to be a successful strategy with older infants (van der
Meer, et al., 1994), who successfully intercepted an object as it
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emerged from behind an occluder when they launched their reach prior
to the object's occlusion. In van der Meer, et al
.
(1994) beginning
a reach before the object reaohed the occluder was an efficient
strategy which led to high fates of contact. In fact, learning to
initiate a reach before the target was occluded was the means by
which older infants learned to intercept the target. In the current
task, however, reaches initiated before the object reached the
barrier were quite unsuccessful compared to those that began when the
object was already behind a barrier or at midline (Table 3, p. 63) .
In fact, reaching relatively early and hitting into a barrier
accounted for the majority of the infants' failures in the barrier
conditions. The younger infants in the current study simply may have
been attempting to contact the object as soon as possible, that is,
as soon as it came within reaching distance. In doing so, the
infants appeared to ignore the path of their reaching hand, and
frequently failed to properly aim or time their reaches to navigate
around the barriers.
In addition to revealing infants' tendency to initiate their
reaches relatively early, the breakdown of reaches based on position
of the object at reach onset provided several indications that the
infants used sight of the object's trajectory to enact an accurate
reach. First, in the no-barrier conditions, infants had the highest
rates of contact when they initiated their reaches after the object
had already passed the position of the first barrier (see Table 3, p.
63) . This result could reflect that the infants benefitted from the
full sight of the approaching object's speed and path.
Alternatively, reaches that were initiated relatively late simply may
have had a positional advantage if reaches to midline were
mechanically the easiest. In addition to the fact that reaches in
the no-barrier condition that were initiated late were more likely to
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contact the target than reaches that were initiated earlier, reaches
that were initiated late were more successful in the two no-barrier
conditions than in any of the other conditions. Because all late
reaches in barrier conditions began after the object was occluded,
this result further suggests that infants' reaching suffered when
they did not have full view of the object's approach to organize
their reaches. Even if the infants began their reach after the
object was visible at midline, they were less likely to contact the
object if they had not seen its entire approach (Table 3, p. 63) .
Additional evidence that infants made use of sight of the
object's trajectory comes from the fact that reaches in the barrier
and blink trials were relatively unsuccessful when initiated early,
before the object had reached the first barrier, compared to reaches
launched later. The relatively low success rate of early-initiated
reaches in the blink condition suggests that reaching performance
suffered from loss of continuous sight of the target because they
were less likely to contact the target than reaches in the dark no-
barrier condition (47% vs. 67% respectively). For these reaches,
which were initiated before the object was occluded, the infants did
not know if the trial was a blink or a no-barrier trial when they
initiated their reach. Nonetheless, infants' success rate was worse
in the blink condition, indicating that their reaches could be
disrupted by loss of sight of the target during the course of the
reach. This result also indicates that the reaches were not entirely
ballistic, in that they were disrupted during the course of the reach
by the occlusion of the target object. These disruptions in the
blink condition could indicate that the infants lost useful visual
information about the object's trajectory during its occlusion,
information that they would have used to aim and time their reach.
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Alternatively, the infants may have been surprised or startled by the
object's sudden "disappearance".
—
Looking Behavior and Infants' Ude of Trajectory Information
The looking data demonstrated prediction of the object's
emergence from behind the barrier in a manner consistent with past
studies of predictive looking in infancy (e.g. Nelson, 1968; Haith,
Kessen, & Collins, 1969; Haith, Hazan, & Goodman, 1984) . By looking
to the center of the apparatus prior to the appearance of the object
the infants appeared to predict that the object was going to emerge
at that location. Their looking behavior did not appear to the
result of simple head movement inertia, because their head movements
did not smoothly cross the barriers, but were more like a saccade,
quickly orienting to the center of the apparatus as soon as the
object passed behind a barrier. Group differences in the looking
data largely emphasized the importance of the object moving out of
sight in the dark versus moving out of sight in the light. In the
no-barrier conditions infants could track the object approximately as
well in the dark as in the light, whereas infants could track the
object in the light-barrier and light-drop conditions significantly
better than in the dark-barrier, dark-blink, and dark-drop
conditions. There were no significant differences in tracking
ability between the light-barrier and light-drop conditions, or among
the dark-barrier, dark-blink and dark-drop conditions. A comparison
between the dark-blink and dark-barrier conditions showed that the
infants did not show different looking behavior when the object
gradually disappeared behind an occluder or suddenly blinked off.
Tracking behavior also did not differ based on whether the object
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approached the barrier from the side or was dropped down from above,
as in the drop conditions
.
The dark conditions might have hampered infants' visual
tracking by removing useful ‘cues to the Ibject's position, such as
background information and the visible edges of the barriers which
could be useful in estimating the position of the target's
reappearance. Munakata, Jonsson, Spelke, & von Hofsten (1996) found
that infants were more likely to track an object successfully to the
other side of an occluder if the room lights were extinguished while
the object was occluded. They reasoned that infants performed poorly
in the light because the occluder itself distracted the infants.
They also observed that infants performed poorly if the room lights
were extinguished before the object reached the occluder, presumably
because the infants did not have the opportunity to use the visible
edge of the barrier to determine where the object would reappear. In
the most successful tracking condition in their study, when the
lights were extinguished only during the occlusion of the object, the
occluder was not a distracter yet the infants had the opportunity to
make use of the edge of the occluder to guide their looking behavior
when the lights came back on. These results, however, are not
compatible with those of the current study in which darkness
generally hindered visual tracking past an occlusion. In the current
study, tracking the object past an occlusion was relatively poor in
the dark conditions, probably due, in part, to the loss of visual
cues to the object's location such as barrier edges.
In addition to the loss of visual cues such as edges and
background information, there are several other difficulties in
tracking an object past an occlusion in the dark. Presumably,
infants are more familiar with objects being occluded by other
objects in the light, which allows them to be relatively good at
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predicting the reemergence of the occluded object. Infants have more
trouble tracking the object past its disappearance in the dark
because they have to "imagine'*, rather than directly see, the
presence of the occluder. Also, infants have to assume that the
object continues to move along the same path in the absence of any
visual evidence to support this idea. These difficulties often led
the infants to continue looking at the spot where the object was last
seen rather than looking ahead toward midline.
Infants ability to track the target object equally well in the
drop conditions as in the barrier and blink conditions showed that
they were able to learn to predict the object's appearance at midline
based on learning the timing of its occlusion, as opposed to basing a
prediction on sight of the object's speed and path prior to its
occlusion. In contrast, infants only very rarely, if at all, reached
for or contacted the target in the drop conditions. The infants were
almost never able to intercept the target when it was dropped down
from above the barrier rather than approaching the barrier from the
side. Their inability to intercept the target in the drop conditions
was not a result of their inability to visually track the object, as
the looking data showed that they visually anticipated the object's
emergence at midline just as often in the drop conditions as in the
barrier conditions (see Figure 5, p. 59). Rather, the inability to
reach for and intercept the object in the drop conditions, coupled
with the looking data, suggests that sight of the constant speed and
linear path of the target in the barrier conditions provided linear
trajectory information that allowed for interception of the target.
The complicated trajectory information provided in the drop trials
did not support successful reaching to the object. Overall, these
results imply that infants use simple trajectory information in
organizing their reaches. One could expect that using more
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complicated trajectories in a task similar to the one in the current
study might severely disrupt reaching. For example, if the object
approached the barrier at a constant speed and slowed down while
occluded, the infants should be unable to adjust to this more
complicated timing and fail to intercept the target. In addition, if
the object was occluded for a longer period of time, for two seconds,
for example, the infants' memory for the object's trajectory might be
disrupted and reaching prevented.
D. Interception of an Occluded Object and Infant Cognition
The current study confirmed earlier work that infants could
accurately intercept a moving object in the light and in the dark
(Robin et al., in press). When the infants intercepted the object in
the barrier and blink conditions it suggested that they were aiming
toward the future location of the target rather than directly at the
target. As opposed to the tasks of "predictively" orienting the hand
or aiming a reach based on continuous sight of the target, the
barrier conditions in the current study required that infants aim
toward the future location of the target at midline, because failure
to do so would result in the hand hitting a barrier. The infants'
reaching to the future location of the occluded object implied that
they extrapolated the future location of the moving target based on
sight of its trajectory, and further, that the infants retained a
mental representation of the object during its occlusion.
There are several possible means of explaining the successful
trials in the barrier and blink conditions, with different possible
assumptions about the amount of cognitive processing that might
underlie the infants' success. For example, infants may have had a
full, detailed representation of the object behind the barrier and
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used this representation to anticipate the emergence of the object,
or they may have used a more simple timing pattern in which they
learned that whenever the object disappeared behind a barrier from
one side or the other, it would reappear one-second later at midline.
Even more simply, the infants might not have known that the object
existed at all once it disappeared behind a barrier, but were fast
enough to contact the object after they saw it emerge at midline.
This latter explanation, while certainly assuming the least about
infants cognitive abilities, assumes quite a fast reaction time
between seeing the object and contacting it before it disappeared
behind the second barrier one second after emerging at midline. The
extremely low number of reaches and contacts in the drop conditions
show that the infants generally were not able to see the object
appear at midline and react to it fast enough to make contact with
any consistency. If infants could see the object at midline and
react quickly enough to make contact, similar results should have
been obtained in the barrier and drop conditions. The lack of
success in the drop conditions also indicates that success in the
barrier and blink conditions was not the result of a very general
"preparedness", or excited state, brought on by seeing the object a
second before it appeared in the middle. That is, if the sight of
the object prior to its disappearance behind a barrier was enough to
prepare the infants to contact the object at midline, they would have
succeeded in the drop conditions.
Rather than simple reactions to the sight of the object at
midline, reaches that successfully intercepted the target, may have
been based on learning to time their reaches based on the amount of
time that the object was occluded. If the infants were reaching
based on learning to reach to the center one second after the object
disappeared behind an occluder off to the side, however, they should
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have performed similarly in the drop and barrier trials. The data
thus suggest that the infants based their reaches on a memory for the
target's path and speed that was retained during the object's
\
occlusion. This implies tha't they could plot the course and speed of
the object at least a full second prior to contact, retain this
information, and coordinate their reaching with this remembered
visual information to intercept the object.
The idea that infants could act on an unseen object based on a
memory of the object is supported by recent work (McCall & Clifton,
1996) which has shown that 8-month old infants will search for an
object in the dark, even to the extent of removing barriers and
uncovering the object in the dark. Other work (Goubet & Clifton,
1996) has also demonstrated that 6 to 8 month old infants will search
for an object in complete darkness after hearing an auditory event
that specified the object's location. The search was carried out
several seconds after the sound ended, with no ongoing perceptual
support about the target's existence or location.
While the results of the current study suggested several
factors which either helped or hindered infants intercept the target
in the barrier and blink conditions, the results do not imply that
the infants made use of detailed or broad knowledge of laws that
govern objects in general. More specifically, the results of this
study suggested that infants used the sight of the approaching
object's trajectory to accurately aim and time their reaches, with
the constant speed and straight path of the object playing an
important role in enabling the infants to intercept the target. The
infants had difficulty visually tracking the object past an occlusion
in the dark and difficulty avoiding the barrier with their reaching
hand. In addition, infants' failures to reach in the drop conditions
suggest that their successful interceptions were not based on simple
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reactions to the sight of the object at midline, or based on learning
the timing of the object s occlusion. Rather, the infants may have
retained some memory for the object's speed and path during its
occlusion. It is not necessary to attribute any further cognitive
activity to the infants based on their actions. Infants' performance
in the current study does not require explicit object representation
during the object's occlusion, nor does it require knowledge of any
of the specific properties of the hidden object. Further, it is not
necessary to assume that 30 week old infants have a general capacity
to accurately extrapolate future target position based on novel or
unusual trajectory information. The current study also provides no
evidence that infants can intercept an object with an unusual
trajectory or retain trajectory information for longer than a second.
Finally, there is no need to assume that the infants were able to
predict that a specific object was going to reemerge on the other
side of the barrier.
E. Future-Oriented Action and Contralateral Reaching
The current study also replicated the superior contact rate
obtained by reaching for a moving object with the contralateral hand
as opposed to the ipsilateral hand (Robin et al., in press).
Presumably, this is because a moving object remains within reaching
distance of the contralateral hand after it has moved out of range of
the ipsilateral hand. Also, the contralateral hand moves into the
path of the oncoming object, while the ipsilateral hand is more
likely to engage in chasing after the object from behind. The fact
that infants very rarely (<10% of reaches) reach with the
contralateral hand for stationary objects (e.g. Robin et al., in
press) but reached contralaterally on 38% of the reaches in the
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current study emphasizes that they are demonstrating a type of
anticipation through their reaching. In contrast to Robin et al.,
however, the infants in this study did not reach with their
contralateral hand on the majority of trials, but rather, tended to
use the ipsilateral hand. This study thus provides some evidence
against the notion that infants consistently recognize and adopt the
most effective reaching strategy. It is possible that the
introduction of barriers on a large percentage of trials lowered the
amount of contralateral reaching, perhaps because the barriers
prevented the contralateral hand from sweeping toward the object from
the side. This explanation seems unlikely, however, because the
infants generally appeared to ignore the presence of the barriers,
frequently reaching right into them on the way to the object. Also,
because contralateral reaches were more successful than ipsilateral
reaches, the infants did not decrease their contralateral reaching as
a response to a low success rate. The object's straighter path than
in Robin et al
.
(in press) may have led to a lower amount of
contralateral reaching because a straight path might allow for the
object's availability to the ipsilateral hand for a somewhat longer
period of time than when the object moves on a curved path. This
would assume that a high amount of contralateral reaching results
from infants' sensitivity to the amount of time that a moving object
is available to one of their reaching hands given its trajectory.
Similarly, the slightly slower speed of the object compared to the
object in Robin et al
.
(in press) may have led to ipsilateral
reaching being a more effective means of obtaining the object because
of the increased time that it was available to the ipsilateral hand.
There was also a surprisingly little amount of bimanual reaching in
this study (approximately 5% of reaches) compared to previous studies
of infants at this age reaching for a moving object (approximately
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of reaches) (Robin et al., in press). it is possible that the
infants recognized that the space in between the two barriers was too
small to allow both hands to converge on the object as they usually
do in bimanual reaches
.
F. Other Findings
1. Handedness
F^®vious work has demonstrated that infants demonstrate a
consistent tendency to use the same hand for reaching tasks from 3 to
14 months of age (Michel, 1983)
. There is strong evidence that the
infants in this study generally preferred to use their right hands
more than their left hands. There were significantly more right-
handed reaches, and 70% of the infants reached more often with their
right hand than with their left hand. Also, the fact that half of
the infants switched their reaching hand on at least 25% of their
reaches also demonstrates that half did not switch hands for 75% of
their reaches. This evidence for these infants having a preferred
hand is particularly strong given that they were not reaching for a
stationary target, and the moving target approached from alternating
sides of the apparatus. There does not seem to be any reason that
there would be significantly more right-handed reaches other than the
existence of hand-preference in 7.5-month-old infants. The infants
did not, however, always use the same hand to reach for the object,
as 29 out of the 30 infants tested reached at least once with both
their left and their right hands, and half of the infants tested
switched their reaching hand for at least 25% of their reaches.
Kinematic analyses showed that right-handed reaches were
significantly longer in distance and duration, and had significantly
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more movement units. This could indicate that infants were somewhat
more likely to attempt reaches over a longer distance with their
right hands than with their left hands. It could be, however, that
longer reaches with the left hand were simply more likely to be
excluded from the kinematic analyses because they began with the
IREDs on the left hand obscured from the camera behind the infant's
body.
2. Sex Differences
There has not been any clear evidence of sex differences in
early reaching in the literature, and this study also failed to find
any significant sex differences across a variety of measures. The
broad behavioral measures of reaching frequency and success rates
yielded strikingly similar results across sexes. The kinematic data
was similarly equivalent, with none of the measures even approaching
significance. In addition, there was no evidence of any sex
differences concerning handedness, or the use of the ipsilateral,
contralateral, or bimanual reaching strategy.
G. Summary and Conclusions
Infants have shown their ability to reach under difficult
conditions soon after the onset of reaching. Five month old infants
have shown that they can intercept an object moving up to 30 cm/s,
aiming and timing their reaches accurately by reaching ahead of the
object into its path, rather than directly at the object (Robin et
al
. ,
in press). Also, from the onset of reaching at about four
months of age infants have shown that they can reach with degraded
visual information, reaching about as often and as accurately in
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fully lighted conditions as in the dark for a glowing object
(Clifton, et al., 1993; Clifton, et al., 1994). Even when the target
object was moving infants of five and seven months of age infants
reached comparably in the light and in the dark (Robin et al., in
press)
. Further, infants have shown that they can contact a
stationary target even when sight of the target is prevented for part
of the reach, though their contact rates are significantly lower than
when the target remains visible (McCarty, 1993)
. When reaching to a
moving target, infants can adjust to the presence of a barrier by
approximately eight months of age, accurately aiming and timing their
reaches to intercept the target as it emerges from behind the
barrier. By eleven months of age infants can consistently intercept
a moving target as it emerges from one second of occlusion behind a
barrier (van der Meer, et al., 1994). The current study confirmed
these abilities in 7.5 month old infants, and added conditions and
analyses that helped clarify infants' use of sight in performing an
accurate interception of a moving target.
The current study suggested that infants used the sight of the
approaching object's trajectory to accurately aim and time their
reaches. In general, infants reached more often and contacted the
object more frequently when they had a longer, or uninterrupted, view
of the approaching target. In addition, infants appeared to benefit
from the constant speed and straight path of the approaching target,
as they were unable to intercept the object even when their looking
behavior indicated that they had learned the timing of the target's
appearance at midline. The infants could not intercept the target
when it dropped down from above then emerged at midline moving
horizontally across the infants' reaching space.
The looking behavior of the infants revealed that they could
consistently visually track the moving object to the other side of
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the occluder in the light, but had difficulty tracking the object
past an occlusion in the dark. Their success in the light is
consistent with the results of- prior studies that have shown infants
as young as three or four months of age learning to look toward a
location in anticipation of the appearance of a target (e.g. Haith,
et al., 1984; Canfield & Haith, 1991). Their failures in the dark
could have resulted from the lack of visual cues in the dark that
could suggest the location of the object's reemergence, such as the
edge of the barrier. Also, the infants were likely to be less
familiar with an occlusion event in the dark, and would have to
imagine the presence of an occluder and assume the continued motion
of the object during its occlusion.
Another difficulty that infants had in contacting the object
was avoiding the barrier with their reaching hand. This study showed
that infants ignored the path of their reaching hand and obstacles in
the way of the hand to the extent that they would consistently crash
their hand into an opaque barrier that obstructed access to the
target. This result is consistent with those of Diamond (1991), who
demonstrated that infants of this age will fail to either remove or
reach around transparent barriers in order to obtain a target. As in
the current study, the infants did not appear to be able to focus on
the target and the means to obtaining the target at the same time.
Infants failure to account for the path of their reaching hand is
also in agreement with several studies that have indicated that
infants focus on the target in reaching tasks, and are not strongly
affected by loss of sight of the reaching hand (Clifton, et al.,
1994; Robin, et al., in press).
There is no need to assume that infants' reaches for the
occluded object in the current study demanded complicated knowledge
or expectations about the behavior of unseen objects. The infants'
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behavior did not require specific representation of any of the
properties of the occluded object, or prediction of a specific
object s reappearance at midli-ne. It is also unnecessary to assume
that the infants in this study had a general ability to extrapolate
future target position based on sight of a novel trajectory.
failures to reach in the drop conditions do suggest that
their successful interceptions were not based on simple reactions to
the sight of the object at midline, or based on learning the timing
of the object's occlusion. Rather, the infants appeared to retain
some memory for the object's speed and path during its occlusion,
though this claim does not either suggest or preclude more a more
detailed level of knowledge about occluded objects.
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APPENDIX A
CONSENT FORM
CONSENT FORM
This study focuses on infants' ability to anticipate. We will
present your baby with a toy that moves behind a barrier and then
comes out on the other side. This is designed to test whether
babies can predict the toy's reappearance on the other side of
the barrier by looking or reaching for the toy as it comes out
from behind the barrier.
In our procedure, your infant will be seated on your lap during
the testing period. Two small infra—red lights will be attached
to the infant's hands to record information about the path of the
reaches. These lights will not cause any discomfort, or pose any
danger to the infant. An adult will present a moving toy to the
infant in the light and a glowing toy in the dark, and we will
videotape the infant's reaching for these objects. These
videotapes will be kept confidential. Although the length of
each session varies with each infant, it usually lasts about
twenty minutes.
There will be no discomfort or danger to your infant, and you may
stop the sessions at any time. This project has been reviewed
and approved by the University of Massachusetts Human
Subjects
Committee
.
We thank you for your participation, and would be happy
to answer
any further questions you may have about this proje
I understand the procedure and agree to allow my
infant
to participate.
Child's Full Name
Date
Parent's signature
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APPENDIX B
PROCEDURE
PROCEDURE — HIDDEN OBJECT STUDY
Before the parent and infant arrive:
1.
Turn on the 2 power strips for the computer and the video
equipment.
2.
Make sure the lens caps are off of the Optotrak and video
cameras
.
3.
Make sure the apparatus is in place and ready to go (plugged
in, train on the track...).
4.
Make sure the IREDs are ready (2 for each hand, one for the
object. . .with stickers on all).
5.
Make sure a protocol sheet and consent form are ready.
Randomize the 4 trial types (either Light-no barrier. Dark-no
barrier, Light barrier, Dark barrier ...•. or Light-no barrier,
Dark-no barrier, Light-obscured start, Dark-obscured start)
.
6.
Make sure the videotape is in the proper position.
7.
Prepare the Optotrak to collect data:
-type "collect" and hit return
-use the mouse to change the "Window" from "Systems" to
"Optotrak". This option is in the upper left hand side of the
screen.
-use the mouse to check the "File Collection Parameters" under
the "Edit" menu. Set each trial to collect for 5 seconds.
Set the start trial at "00", and enter the appropriate file
name (the first 3 letters of the subject's last name). Set
the number of IREDs at "5".
-"activate" the markers in the "collect" menu.
-"collect data" under the "collect" menu, then press the
trigger once. This will take care of the first trial which is
useless
.
8.
Dim the computer screen and prepare the date timer by entering
the month, day, and subject number.
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When the parent and infant arrive
1 . Briefly explain the purpose and procedure
sign a consent form. ' and have the parent
2 . Have the parent sit down with the infant in th^ir- *the camera. Make sure they are in Ji^o^e camerL 30109
3.
Attach 2 IREDs to the back of both of the infant's hands.
4.
Instruct the parent not to interfere with the infant's
reaching, and to support the infant around the waist.
5.
Hit [F4] to prepare the Optotrak to record (make sure the IREDsare activated). [F4] must be hit before every trial.
6.
Run the planned trial types until 5 trials are collected ineach of the 4 conditions.
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appendix c
PROTOCOL FORM
PROTOCOL - HIDDEN OBJECT STUDY
Date:
Filename:
Videotape: #
( - )
Subject name:
DOB:
SEX:
TRIAL # CONDITION REACH? DATE-TIKER
appendix d
COMPARISON BETWEEN MEANS OBTAINED BY USING PASSES VS
INDIVIDUAL MEANS VS. SUMMED DATA
TRIALS, AND
Passes/Individual Means (used in data analysis)
Reaching Frequency (Pet of reaches given passes)
Group 1
Light
80
Dark
71
L-Barr
48
D-Barr
24
D-Blink L-Drop
Group 2 73 71 50 — 42
Group 3 84 68 — — 27
Reaching Success Rate (Pet of Icontacts igiven reaches)
Group 1
Light
84
Dark
83
L-Barr
30
D-Barr
16
D-Blink L-Drop
Group 2 80 61 28 — 36
Group 3 78 65 — — 26
D-Drop
7
D-Drop
Trials/Individual Means
Reaching Frequency (Pet of reaches given passes
)
Light Dark L-Barr D--Barr D-Blink L-Drop D-Drop
Group 1 93 83 64 41 — — —
Group 2 83 94 76 — 64 — —
Group 3 96 74 — — — 49 7
Reaching Success Rate (Pet of contacts given reaches)
Light Dark L-Barr D-Barr D-Blink L-Drop D-Drop
Group 1 97 97 41 27 — —
Group 2 93 72 42 47 — —
Group 3 92 86 — — 32 —
Note . All statistical tests comparing reaching frequency and success
rates between conditions were also run based on trials, rather than
individual passes. All of the same significant differences between
conditions were found for both the ANOVAs that tested overall
condition effects, and for the follow-up t-tests that tested
differences between specific pairs of conditions.
Passes/Summed Data (weighted by infant)
Reaching Frequency (Pet of reaches given
Light Dark L-Barr D-Barr
Group 1 75 64 44 25
Group 2 75 68 49 —
Group 3 82 62 — —
98
passes
)
D-Blink L-Drop D-Drop
43
30 7
Reaching Success Rate (Pet of contacts given reaches)
Group 1
Group 2
Group 3
Light Dark
83 81
77 65
83 67
L-Barr
- 38
1 35
D-Barr
22
D-Blink
43
L-Drop
38
D-Drop
Trials/Summed Data (weighted by infant)
Reaching Frequency (Pet of reaches given passes
)
Group 1
Group 2
Group 3
Light Dark
94 85
89 94
100 68
L-Barr
65
77
D-Barr
41
D-Blink
67
L-Drop
50
D-Drop
7
Reaching Success Rate (Pet of contacts given reaches)
Group 1
Group 2
Group 3
Light Dark
98 95
92 76
93 89
L-Barr
48
53
D-Barr
37
D-Blink
58
L-Drop
42
D-Drop
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APPENDIX E
CORRELATIONS BETWEEN KINEMATIC VARIABLES
Awel
Awel
1.0
Mxvel Dist Avdev Pthln Dura Mvunts Mxdev
Mxvel
.
60** 1.0
Dist .43** .38** 1.0
Avdev
.
39** .32**
.
50** 1.0
Pthln
.
46** .45** .86** .80** 1.0
Dura -.30**
-.06 .45** .44** .59** 1.0
Mvunts -.16**
. 03 .28**
.
44**
.
50**
.74** 1.0
Mxdev .43**
.
39** .48**
.
95**
.
80**
.42** .46** 1.0
**
= p<. 01 (2-tailed)
Awel = Average speed
Mxvel = Maximum speed
Dist = Straight-line distance from onset to contact
Avdev = Average deviation from the straight-line (dist) path
Pthln = Total path length travelled
Dura = Duration from onset to contact
Mvunts = Number of movement units within a reach
Mxdev = Maximum deviation from the straight-line (dist) path
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